Mars: the Durham magnetic automated by Ayre, C.A.
Durham E-Theses
Mars: the Durham magnetic automated
Ayre, C.A.
How to cite:
Ayre, C.A. (1971) Mars: the Durham magnetic automated, Durham theses, Durham University. Available
at Durham E-Theses Online: http://etheses.dur.ac.uk/9091/
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in Durham E-Theses
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full Durham E-Theses policy for further details.
Academic Support Oﬃce, Durham University, University Oﬃce, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk
M, A. R. S.. - The Durham Magne t i c Automated 
Research S p e c t r o g r a p h 
b y 
C.A. A y r e , B.Sc . 
A T h e s i s s u b m i t t e d t o t h e 
U n i v e r s i t y o f Durham f o r t h e 
Degree o f D o c t o r o f P h i l o s o p h y 
-September, 197l» 
2? 
ABSTRACT 
A l a r g e s o l i d i r o n s p e c t r o g r a p h i s d e s c r i b e d w h i c h w i l l be used i n i t i a l l y 
t o measure t h e v e r t i c a l s p e c t r u m and cha rge r a t i o o f cosmic r a y muons t o 
momenta i n excess o f 5000 GeV/c. S c i n t i l l a t i o n c o u n t e r s and t r a y s o f d i g i t i s e d 
neon f l a s h t u b e s are used as p a r t i c l e d e t e c t o r s and t h e s p e c t r o g r a p h i s 
c o n n e c t e d t o an I . B . i f . II3O computer f o r o n - l i n e d a t a r e c o r d i n g and a n a l y s i s 
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o f t h e events ,- The s p e c t r o g r a p h has an accep tance o f 818 cm s t e r . and an 
e s t i m a t e d maximum d e t e c t a b l e momentum o f a p p r o x i m a t e l y 6OOO &eV/c . 
A-momentum s e l e c t o r i s i n c o r p o r a t e d i n t h e s p e c t r o g r a p h equipment whi.ch 
s e l e c t s , f o r f u r t h e r a n a l y s i s b y t h e computer , p a r t i c l e s w i t h momenta above a 
f e w h u n d r e d GeV/c f r o m t h e i n f o r m a t i o n c o n t a i n e d i n t r a y s o f d i g i t i s e d f l a s h 
t u b e s s i t u a t e d at : t h r e e l e v e l s i n t h e s p e c t r o g r a p h . The compute r c a l c u l a t e s 
t h e momenta o f p a r t i c l e s s e l e c t e d i n t h i s way u s i n g t h e d a t a c o n t a i n e d i n a 
f u r t h e r f i v e t r a y s o f d i g i t i s e d f l a s h tubes , , 
A f l a s h t u b e d i g i t i s a t i o n t e c h n i q u e has been d e v e l o p e d f o r use i n t h e 
s p e c t r o g r a p h and i s d e s c r i b e d i n d e t a i l . The t e c h n i q u e u t i l i s e s a s i m p l e probe 
on t h e f r o n t o f t h e f l a s h t u b e t o d e t e c t an e l e c t r i c a l p u l s e when t h e t u b e 
d i s c h a r g e s . The p u l s e i s f ed - i n t o an e l e c t r o n i c memory f o r t h e f l a s h t u b e made 
f r o m i n t e g r a t e d c i r c u i t l o g i c e l e m e n t s . 
The e l e c t r o n i c c i r c u i t s used f o r t h e f l a s h t u b e da ta r e c o r d i n g , t h e 
momentum s e l e c t o r , and t h e l o g i c c o n t r o l l i n g t h e r e a d o u t o f d a t a f r o m t h e 
f l a s h t u b e t r a y s t o t h e compute r a r e de sc r ibed , - The method o f a n a l y s i s o f 
e v e n t s b y t h e computer i s d i s c u s s e d . 
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PREFACE 
The w o r k d e s c r i b e d i n t h i s t h e s i s was c a r r i e d o u t i n t h e p e r i o d 1967-1970 
w h i l e t h e a u t h o r was a r e s e a r c h s t u d e n t u n d e r t h e s u p e r v i s i o n o f D r . M. G. 
Thompson i n t h e Cosmic Ray Group o f t h e P h y s i c s Depar tment o f t h e U n i v e r s i t y 
o f Durham, 
The d e s i g n and c o n s t r u c t i o n o f t h e s p e c t r o g r a p h , i t s a s s o c i a t e d 
equ ipment and e l e c t r o n i c s , was sha red w i t h t h e a u t h o r ' s c o l l e a g u e s . The 
a u t h o r was s o l e l y r e s p o n s i b l e f o r t h e deve lopment o f t h e d i g i t i s a t i o n 
t e c h n i q u e , and t h e d e s i g n and c o n s t r u c t i o n o f t h e f l a s h t u b e t r a y s used i n 
t h e s p e c t r o g r a p h , t h e e l e c t r o n i c c i r c u i t s used i n t h e Momentum S e l e c t o r sys tem, 
M e a s u r i n g a,nd A z i m u t h T r a y s , a n d t h e e l e c t r o n i c s f o r t h e t r a y s t ee rage l o g i c . 
The d i g i t i s a t i o n t e c h n i q u e has been r e p o r t e d b y Ayre and Thompson 
(1969,1970) and p r e l i m i n a r y d e t a i l s o f t h e s p e c t r o g r a p h b y Ayre e t a l . ( l 9 7 0 ) . 
The f i r s t r e s u l t s o f t h e s p e c t r o g r a p h have been r e p o r t e d b y A y r e e t a l , (l97l) 
and have a l s o been p r e s e n t e d a t t h e X I I I n t e r n a t i o n a l Conference on Cosmic 
Rays i n T a s m a n i a , A u g u s t , 1971, 
PLATE 1 
M.A.R. Sc, - The Durham M a g n e t i c Automated 
Research S p e c t r o g r a p h 

PLATE 2 
M,A. R.S . : The E l e c t r o n i c s o f t h e 
S p e c t r o g r a p h . 
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CHAPTER 1 
I n t r o d u c t i o n , 
1.1 G e n e r a l I n t r o d u c t i o n 
Cosmic Rays , s i n c e t h e i r d i s c o v e r y b y Hess i n 1912, have been t h e 
s u b j e c t o f i n t e n s e s t u d y . B a s i c a l l y t h e y a r e s tudie-d f r o m two a s p e c t s , 
a s t r o p h y s i c s and n u c l e a r p h y s i c s . The a s t r o p h y s i c a l w o r k i s conce rned 
w i t h t h e o r i g i n o f t h e cosmic r a y s and t h e p rocesses r e q u i r e d i n p o s s i b l e 
s o u r c e s and t h e medium between t h e source and t h e e a r t h t o e x p l a i n t h e 
e n e r g y s p e c t r u m , mass c o m p o s i t i o n , and t i m e v a r i a t i o n o f t h e p r i m a r y cosmic 
r a y s i n c i d e n t on t h e e a r t h . The p r i m a r y cosmic r a y s a r e a source o f h i g h 
g n e r g y p a r t i c l e s f a r i n excess o f t h e e n e r g i e s o b t a i n e d w i t h p t e s e n t day 
p a , r t i c l e a c c e l e r a t o r s . . Hence a s t u d y o f t h e i r i n t e r a c t i o n s i n t h e 
a tmosphe re w i l l enab l e t h e r e s u l t s o b t a i n e d f r o m machine d a t a t o be ex tended 
t o h i g h e r e n e r g i e s . S i m i l a r l y , t h e s econda ry muons a r r i v i n g a t sea l e v e l , 
w h i c | i a r e p r o d u c e d as a. consequence o f t h e i n t e r a c t i o n s o f t h e pr imary-
p a r t i c l e s i n t h e a tmosphe re , can be used i n e x p e r i m e n t s t o s t udy t h e i r 
p r o p e r t i e s a t e n e r g i e s above machine v a l u e s . 
1.2 The P r i m a r y Cosmic R a d i a t i o n 
I t i s now known t h a t t h e p r i m a r y cosmic r a d i a t i o n c o n s i s t s o f abou t 
86^ p r o t o n s , 13^ h e l i u m n u c l e i , and 1% o f o t h e r e l e m e n t s , and a t e n e r g i e s 
above 10 GeV i t a r r i v e s i s o t r o p i c a l l y a t t h e e a r t h . The energy spectrvim o f ; 
t h e p r i m a r y p a r t i c l e s i s v e r y dependent on the p a r t i c l e energy . G r e i s e n (1966) 
q u o t e s an i n t e g r a l spec t rum v a r y i n g w i t h t h e p a r t i c l e ene rgy E, measured i n 
e y , as 
I ( > E ) = 2,5 X 10^^ E " ^ ' ^ 10^°eV < E < 10^^ eV 
97 - ? ? - ? - 1 - 1 I S TR 
5 X 10 E m. sec. s t e r . l O ^ e V < E < 10 eV 
= 4 X 10^^ E-1-^ lO^^eV < E 
2 7 JAN 1972 
The l o w e n e r g y c u t o f f depends on t h e geomagnet ic l a t i t u d e f o r t h e 
p o i n t o f o b s e r v a t i o n as t h e p r i m a r y p a r t i c l e s o f l o w ene rgy ( a few GeV) a r e 
g ^ ' e a t l y e f f e c t e d by t h e e a r t h ' s m a g n e t i c f i e l d . C o n s e q u e n t l y ^ t h e r e i s a 
minimum e n e r g y f o r each p o i n t o f o b s e r v a t i o n be low w h i c h p a r t i c l e s cannot 
r e a c h t j i e e a r t h . No h i g h ene rgy c u t o f f has y e t been d e t e r m i n e d t h o u g h 
e x p e r i m e n t a l d i f f i c u l t i e s a r i s e due t o t h e e x t r e m e l y l ow r a t e o f p a r t i c l e s 
19 
h a v i n g e n e r g i e s i n excess o f 10 eV. 
D i r e c t measurements on t h e p r i m a r y spec t rum have been c a r r i e d o u t 
12 
u s i n g b a l l o o n s and s a t e l l i t e s up t o e n e r g i e s o f a b o u t 10 eV, Above t h i s 
- 1 - 2 - 1 - 1 
v a l u e t h e p r i m a r y i n t e n s i t y i s s m a l l , b e i n g about 1 ,6 x 10 m7 secT s t e r . 
12 
f o r > 10 eV,- w i t h t h e i n t e g r a l spec t rum h a v i n g an exponent o f - 1 .6 . 
The s p e c t r u m has been d e t e r m i n e d a t t h e s e h i g h e n e r g i e s b y a s t u d y o f t h e 
i n t e r a c t i o n s o f t h e p r i m a r y p a r t i c l e s and subsequent secondary p a r t i c l e s 
i n t h e a t m o s p h e r e , w h i c h p r o d u c e a l a r g e number o f p a r t i c l e s a t sea l e v e l . 
T h i s s e r i e s o f i n t e r a c t i o n s r e s u l t s i n t h e phenomenon known as an E x t e n s i v e 
A i r Shower ( E . A . S . ) . 
From a s t u d y o f t h e a r r i v a l d i r e c t i o n o f t h e p r i m a r y p a r t i c l e s , t h e i r 
c o m p o s i t i o n , t i m e v a r i a t i o n , and ene rgy s p e c t r u m , some u n d e r s t a n d i n g o f t h e i r 
o r i g i n a n d subsequent t r a j e c t o r y i n space u n d e r t h e i n f l u e n c e o f t h e g a l a c t i c 
m a g n e t i c f i e l d can be o b t a i n e d . 
1,3 I n t e r a c t i o n s i n t h e Atmosphere b y t h e P r i m a r y P a r t i c l e s 
On p a s s i n g t h r o u g h t h e e a r t h ' s a tmosphere , t h e p r i m a r y cosmic r a y s 
i n t e r a c t w i t h t h e n u c l e i o f t h e a i r m o l e c u l e s t o p roduce secondary p a r t i c l e s . 
_2 
The p r i m a r y p r o t o n s i n t e r a c t , on a v e r a g e , e v e r y 80 gm cm. o f t h e atmosphere 
and l o s e a b o u t 5 0 ^ o f t h e i r ene rgy a t each i n t e r a c t i o n . The secondary-
p a r t i c l e s a r e m a i n l y composed o f p i o n s w i t h a s m a l l e r number o f k a o n s , 
h y p e r o n s , and nuc leons . . The number o f secondary p a r t i c l e s , n , depends on 
t h e e n e r g y o f t h e p r i m a r y p a r t i c l e , E, and obeys t o a good a p p r o x i m a t i o n t h e 
r e l a t i o n n oc E"^  ( C o c c o n i ( l 9 6 6 ) , de Beer e t a l . ( l 9 6 6 ) ) . 
The p i o n s p r o d u c e d i n t h e i n t e r a c t i o n e x i s t a l m o s t e q u a l l y i n t h e i r 
t h r e e modes, TT"*", TT , and 7r° , The n e u t r a l p i o n s have a decay t i m e a t r e s t 
o f a b o u t 10'^"'"^ sec. and each decays i n t o two photons , . The two pho tons t h e n 
p r o d u c e an e l e c t r o n p h o t o n cascade i n t h e a tmosphere . The number o f e l e c t r o n s 
and p o s i t r o n s i s i n c r e a s e d by t h e pho tons f r o m t h e decay o f t h e ' 
o t h e r n e u t r a l p i o n s p r o d u c e d i n t h e i n t e r a c t i o n and b y t h e e l e c t r o n p h o t o n 
cascades p r o d u c e d by 7r° decay f r o m t h e f u r t h e r i n t e r a c t i o n s o f t h e p r i m a r y 
p a r | ; i c l e i n t h e a tmosphere . 
12 
F o r a p r i m a r y e n e r g y o f 10 eV, t h e e l e c t r o n p h o t o n cascade i s 
s u f f i c i e n t l y l a r g e t o r e a c h sea l e v e l t o p roduce an E x t e n s i v e A i r Shower. 
The shower i s d e t e c t e d b y t h e s i m u l t a n e o u s a r r i v a l o f a l a r g e number o f 
p a r t i c l e s o v e r a l a r g e a r e a and d e t e c t o r s p l a c e d a t s u i t a b l e p o i n t s w i l l 
r e c o r d t h e shower as a c o i n c i d e n t s i g n a l be tween s e v e r a l o f t h e d e t e c t o r s . 
As t h e e n e r g y o f t h e p r i m a r y p a r t i c l e i n c r e a s e s , t h e number o f p a r t i c l e s i n 
t h e shower and t h e l a t e r a l e x t e n t o f t h e shower i n c r e a s e and b y measu r ing t h e 
number o f p a r t i c l e s i n a shower an e s t i m a t e o f t h e p r i m a r y ene rgy can be made. 
The c h a r g e d p i o n s and kaons p roduced b y t h e i n t e r a c t i o n s o f t h e p r i m a r y 
p a r t i c l e can e i t h e r i n t e r a c t w i t h an a i r n u c l e u s t o p roduce f u r t h e r p i o n s o r 
t h e y can decay t o p roduce muons. The decay p r o b a b i l i t i e s o f t h e p i o n s and 
kaons a r e a f u n c t i o n o f t h e i r ene rgy and z e n i t h a n g l e . F o r a g i v e n z e n i t h 
a^agle, t h e s e p a r t i c l e s have a g r e a t e r p r o b a b i l i t y o f i n t e r a c t i n g t h a n o f 
d e c a y i n g as t h e i r e n e r g y i n c r e a s e s . As t h e z e n i t h a n g l e i n c r e a s e s , t h e d e n s i t y 
o f t h e r e g i o n i n w h i c h t h e p i o n s and kaons o f a g i v e n energy a r e p roduced 
a t t h e same s l a n t d e p t h i n t h e a tmosphere d e c r e a s e s . Thus t h e i n t e r a c t i o n 
p r o b a b i l i t i e s o f t h e p i o n s and kaons decrease as t h e z e n i t h a n g l e i n c r e a s e s 
and hence a g r e a t e r number o f p a r t i c l e s decay i n t o muons, T h i s r e s u l t s i n 
t h e so c a l l e d See d enhancement i n t h e i n t e n s i t y . v a r i a t i o n witJ-i. z e n i t h a n g l e (d), 
The muons p roduced f r o m p i o n and kaon decay a r e w e a k l y i n t e r a c t i n g 
p a r t i c l e s and have a h i g h chance o f r e a c h i n g sea l e v e l w i t h o u t decay o r 
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i n t e r a c t i o n , . Hence a s t u d y o f t h e spec t rum and charge r a t i o o f sea l e v e l 
muons w i l l enab l e i n f o i n a t i o n t o be o b t a i n e d on t h e i n t e r a c t i o n s i n t h e 
a tmosphere o f t h e p r i m a r y p a r t i c l e s . . 
1 . 4 The Momentum Spec t rum and Charge R a t i o o f Cosmic Ray Muons 
1 .4 .1 I n t r o d u c t i o n 
The muon momentum spec t rum i s a n i m p o r t a n t datum o f cosmic r a y p h y s i c s 
and e x p e r i m e n t s o f i n c r e a s i n g p r e c i s i o n have been p e r f o r m e d o v e r a w ide 
v a r i e t y o f z e n i t h angles. , The b a s i c method o f measurement has been t h a t o f 
d i r e c t measurement u s i n g m a g n e t i c s p e c t r o g r a p h s . The muons a r e d e f l e c t e d on 
t r a v e r s i n g a m a g n e t i c f i e l d and a measurement o f t h e d e f l e c t i o n enables t h e 
m c m e n t m o f t h e muon t o be e s t i m a t e d . The d i r e c t i o n o f t h e d e f l e c t i o n 
enab l e s t h e c h a r g e o f t h e muon t o be f o u n d i f t h e m a g n e t i c f i e l d d i r e c t i o n 
i s k n o w n , A s u r v e y o f t h e r e c e n t m a j o r s p e c t r o g r a p h s used t o measure t h e 
spec t rum o v e r a w i d e range o f z e n i t h a n g l e s i s g i v e n i n Chapte r 2 . 
From t h e measured v a l u e s o f momenta, t h e spec t rum and charge r a t i o , 
d e f i n e d , as t h e r a t i o , o f t h e i n t e n s i t i e s o f p o s i t i v e t o t h a t o f n e g a t i v e 
muons o f a g i v e n momentum, can be d e t e r m i n e d . By c o m p a r i n g t h e b e h a v i o u r o f 
t h e s p e c t r u m and charge r a t i o as a f u n c t i o n o f t h e z e n i t h a n g l e i t i s p o s s i b l e 
t o p r e d i c t t h e r a t i o o f kaons t o p i o n s p r o d u c e d i n t h e i n t e r a c t i o n s i n t h e 
atmosphere. . However , t h e a n a l y s i s assumes a v e r t i c a l spec t rum w h i c h has o n l y 
been measured t o t h e r e q u i r e d a c c u r a c y t o a f ew h u n d r e d GeV/c i n momentum. 
C o n s e q u e n t l y , t h e e r r o r s i n t h e k a o n t o p i o n r a t i o i n c r e a s e r a p i d l y above t h i s 
momentum. 
To r educe t h e s t a t i s t i c a l u n c e r t a i n t y i n t h e r a t i o , t h e meas^jrement 
o f t h e v e r t i c a l muon spect.rum needs t o be ex tended t o momenta i n excess o f a 
f ew t h o u s a n d GeV/c. The p r a c t i c a l d i f f i c u l t i e s i n v o l v e d i n an e x t e n s i o n o f 
t h e s p e c t r u m measurements t o t h e s e v a l u e s o f momenta a r e d i s c u s s e d i n Chap te r 2 . 
1.4.2 Measurements of the V e r t i c a l Muon Spectrum and Charge Ratio 
The r e s u l t s of several experiments to measure the v e r t i c a l muon 
d i f f e r e n t i a l momentum spectrum using magnetic spectrographs are shown in 
f igure 1 . 1 . 
The spectrum measured by Hayman and Wolfendale (1962) was obtained 
using an a i r gap magnet to def lec t the muons and the t r a j e c t o r i e s were 
determined by four trays of neon f l a s h tubes, two trays being placed above 
the magnet and two below the magnet. The more recent experiments of 
Baber et a l . (1968a) and A l l k o f e r et a l . (1970) used so l id iron magnets to 
def lec t the muon. Baber et a l . used four trays of neon f la sh tubes and 
A l l k o f e r et a l . s ix opt i ca l spark chambers to locate the t r a j e c t o r i e s of 
p a r t i c l e s t ravers ing the respective spectrographs. Further de ta i l s of the 
spectrographs are given in Chapter 2. 
An examination of the spectrum measurements in f igure 1.1 show that 
there i s an appreciable uncertainty in the spectrum above about 200 GeV/c 
due to the large experimental errors . The large errors are mainly due to 
the steepness of the spectrum at momentiun values above 200 GeV/c producing a 
low rate of p a r t i c l e s through the spectrographs with momenta greater than 
200 G-eV/c and the fac t that the maximum detectable momentum, which^is defined 
i n § 2 . 1 , of each spectrograph has a value i n t h i s momentum region. These 
factors are discussed further in Chapter 2, 
The var ia t ion in the charge ra t io of v e r t i c a l muons with momentum i s 
shown i n f igure 1.2, The resu l t s were obtained by Baber et a l . (1968b) 
and A l l k o f e r et a l . (1970)' from a further ana lys i s of the resu l t s for the 
spectrum measurements described above. The resu l t s of Aurela et a l , ( l 9 6 6 ) 
were obtained using a modified form- of the spectrograph used by Hayman and 
Wolfendale. (1962) f o r t h e i r spectrum measurements,. The large uncertaint ies 
i n the measurements above 100 GeV/c produced by the low rate of p a r t i c l e s i n 
t h i s momentum region i s again seen i n f igure 1,2. 
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To extend the mieasurements of the spectrum and charge rat io up to 
momenta o f a few thousand GeV/c using a magnetic spectrograph, the acceptance 
o f the instrument w i l l have to be s u f f i c i e n t to produce a reasonable rate o f 
p a r t i c l e s wi th momenta greater than a few thousand GeV/c, Also the maximum 
detectable momentum of the spectrograph i s required to be at l eas t i n th i s 
momentum region. With such an instrment , . the s t a t i s t i c a l uncertainties 
i n the spectrum and charge ra t io measurements i n the hundred GeV/c region 
w i l l be considerably reduced.' 
I t should be pointed out that there are several ind irec t measurements 
of the spectrum i n excess of momenta obtained with magnetic spectrographs. 
These include the measurement of the var ia t ion i n the intens i ty of muons as 
a funct iqn of the depth underground (Miyake et a l , (1964)) and the investigation 
of the electromagnetic interact ions of high energy muons (_Chin et a l . ( l 9 7 0 ) ) . 
With the f i r s t method, an analys i s of the data gives an integra l muon 
spectrum i f the rate of energy l o s s with depth and energy i s known. This 
however, brings some uncertainty into the re su l t s due to the f luctuat ion 
i n the energy loss of the muon, and uncertaint ies i n the behaviour o f the 
energy l o s s expression and i n the amount of matter traversed by the muon 
underground,-. S i m i l a r l y , the second method also produces some uncertainty 
i n that the interact ion cross -sect ion of high energy muons has to be assumed. 
1.5 The Utah Experiment 
A f u r t h e r indicat ion of the necess i ty for a determination of the v e r t i c a l 
specti-uin to momenta of a few thousand GeV/c has come from the re su l t s of the 
Univers i ty of Utah Underground Neutrino Detector as i n i t i a l l y reported by 
BergeKEon et a l . (1967). The detector i s b u i l t underground and u t i l i s e s 
Cerenkov detectors and sonic spark chambers as p a r t i c l e detectors. In a study 
o f the muon background with the detector, the muon in tens i ty has been measured 
as a fuuction of the s lant depth and zenith angle. 
T h e i r r e s u l t s show that above an energy of about 1000 GeV there i s no 
7 
increase i n the in tens i ty at a given s lant depth and zenith angle when compared 
with the v e r t i c a l i n t e n s i t y at the depth corresponding to the slant depth. This 
i s i n complete contradit ion to the expected resu l t s i f the muons come from 
pion or. kaon decay. Then an increase approximately proportional to Sec (5, where 0 
i s the zenith angle, would have heen expected. 
A consequence of these re su l t s i s that the majority of the muons, whose 
energies are above 1000 GeV, are not produced by pion or kaon decay. They are 
e i ther produced d i r e c t l y i n the primary p a r t i c l e - a i r nucleus c o l l i s i o n or are 
the decay products of a p a r t i c l e which has a l i fe t ime much l e s s than the kaon 
l i fe t in ie . The process producing t h i s iaotropy has been given the name X-process, 
The more recent r e s u l t s of tl^e Utah group (Keuffel et a l . ( l 9 7 0 ) , 
Bergesson et a l , ( l 9 7 l ) ) have suggested that the fract ion of X-process muons 
i s not as high as previously thought. The authors suggest that the f rac t ion 
of X-prpcess muons i s about 2% compared to pions produced at the same energy. 
-Ailso the i so trop ic component var ie s with muon energy such that i t has a maximum 
contribution of about 50^ to the v e r t i c a l muon in tens i ty i n the energy range 
1000 to 5000 GeV and subsequently decreases with increasing muon energy. 
These r e s u l t s w i l l be re f l ec ted i n the v e r t i c a l muon momentum spectrum as an 
increase over that expected i f the muons are produced by pion or kaon decay. 
The Utah ef fect has not been found by Krishnaswamy et a l , (l970) who have 
measured the angular d i s t r ibut ion of underground muons i n the Kolar G-old 
Mines i n Ind ia . They f i n d that t h e i r observations are consistent with the 
fact that the muons are produced from pion or kaon decay. However, possibly 
t^ie most d i r e c t way of checking the Utah e f fec t i s to measure the v e r t i c a l 
muon spectrum to energies in excess of a few thousand GeV using a magnetic 
spectrograph. Then, the r e s u l t s w i l l not be effected by the errors associated 
with underground measurements. 
1.6 The Brtesent Work 
A new spectrograph (M.A.R.S . ) has recent ly been constructed in Durham 
which w i l l be used to measure the momentum spectrm and charge rat io of muons 
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i n the v e r t i c a l d irect ion . The spectrograph i s connected on-rline to a 
computer f o r ana lys i s of the events. 
The measurements w i l l enable t^he spectrm to be analysed to momenta in 
excess of 5000 GeV/c. P a r t i c l e s with momenta between about f i f t y GeV/c and-
a few hundred GeV/c w i l l he. analysed automatically by the spectrograph 
equlpmen-t. The large rate of low energy p a r t i c l e s (see Table 5 . l ) w i l l enable 
the .low energy spectrum to be determined wi th an accuracy of a few per cent 
over t h i s region a f t e r a reasonable running time. 
When the i n i t i a l v e r t i c a l measurements are completed, the spectrograph w i l l 
be r e b u i l t in the near horizontal d irect ion . Af ter the spectrum and charge rat io 
measurements, the spectrograph w i l l be a copious source of high energy muons 
which can be used in a var ie ty of experiments. 
The various components of the spectrograph a re described .in subsequent 
chapters but i n i t i a l l y Chapter 2 gives a survey of the recent spectrographs and a 
b r i e f out l ine of the theory of spectrograph measurements. Chapter 3 gives a generalj 
descr ipt ion of the instrument and basic d e t a i l s of the indiv idual elements of the" 
spectrograph, and i n Chapter 4 a new technique f o r the d i g i t i s a t i o n of the f l a s h 
tubes used i n the spectrograph i s described. Because of the high rate of low 
energy j a r t i c l e s , a momentiam selector i s incorporated to detect so ca l led high 
momentum events and i s described in d e t a i l i n Chapter 5. Chapter 6 describes 
the f l a s h tube t rays used to analyse a high momentum event and also discusses the 
e lectronic c i r c u i t r y used for feeding d i g i t i s e d information pertaining to an event 
from the spectrograph to the computer for storage on a magnetic d i s c . In Chapter 7]^ 
the method of ana lys i s of events together with the geometrical charac ter i s t i c s of 
the .lastrument are discussed. F i n a l l y , i n Chapter .8 the present status of the 
work i s discussed tdgether. with future plans. 
CHAPTER 2 
A Survey of Recent Cosmic Bay Spectrorraphs. 
2 . 1 Introduction 
Magnet spectrographs have been used extensively to measure the momentum 
spectra of cosmic ray muons. Measurements were o r i g i n a l l y carr ied out on 
the v e r t i c a l spectrum using a i r gap electromagnets to def lect the inuons.. 
Spectrographs have since been constructed to measure the spectrum over a 
wide range of zenith angles. 
Each spectrograph has a c h a r a c t e r i s t i c momentum above which errors- i n 
track locat ion do not allow a good estimate of the true momentum of the 
p a r t i c l e to be made,; The value of th i s momentum i s known as the maximum 
detectable momentum (m, d.m.) of the instrument.. The m. d.m, i s defined as 
the momentum of that p a r t i c l e , the def lect ion of which i s equal to the 
standard deviat ion of the error i n the deflection. ' As an a l ternat ive , the 
most probable value of the error i s sometimes used by workers to represent 
the error i n the def lect ion . I n t h i s case, the m.d.m. i s higher by the factor 
1. IS'^ than the m.d.m. using the standard deviation of the error, i f the error 
d i s t r i b u t i o n i s Gaussian. The formulae" f o r determining the momentum of a 
p a r t i c l e from i t s def lect ion in a magnetic f i e l d are discussed in ^ . 2 . 
The acceptance of a spectrograph should also be su f f i c i en t to ensure that 
a reasonable rate of muons i s obtained with momenta-greater than the m.d.m. of 
the instrument. This enables the spectrum to be measured up to the. m.d.m. 
wi th a comparatively short running time. 
The acceptance i s defined as the in tegra l / / dAdi), where dfi i s the 
s o l i d angle subtended by the area dA i n the spectrograph, dA being taken at a 
convenient l e v e l i n the spectrograph. The acceptance i s then equal to the 
magnetic acceptance at the highest'momenta, there being a reduction i n 
acceptance as the momentum.decreases due to the spectrograph's magnetic f i e l d . 
2 
The acceptance i s nonnally measured i n units of cm ster,, 
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A i r gap magnets have the disadvantage that the a i r gap must be quite 
smal l to ensure that a value of magnetic f i e l d i s obtained which can produce 
a measurable def lect ion of muons with momenta of several hundred GeV/c- This 
generally r e s u l t s i n an instrument having a small acceptance. I t should be 
mentioned that a i r ga'p magnets can be larger i f the electromagnet i s 
e spec ia l l y designed f o r the purpose. I n general, t h i s resu l t s in an 
electromagnet with a high power consumption and the extra cost could outweigh 
the advantages. Several recent a i r gap spectrographs, for example Kasha et a l . 
(1968) and Asbury et a l , ( l 970 ) , have used magnets which were o r i g i n a l l y 
designed to be used with p a r t i c l e acce lerators or with bubble chambers. These 
magnets have then been used i n fur ther experiments on the cosmic ray muon 
f lux and are discussed i n § 2 , 3 . 
The disadvantages of a i r gap magnets discussed above, have led to the 
development of so l id i ron magnets which can produce magnetic f i e l d s over a 
l a r g e r volume than conventional a i r gap magnets,- This increases the l i n e 
i n t e g r a l , jBdl , where B i s the f l u x density and 1 i s measured along the track 
of a p a r t i c l e travers ing the spectrograph when the track i s projected on to 
a plane at r ight angles to the magnetic f i e l d d irect ion. I t w i l l be shown 
i n | 2 . 2 that the angular def lec t ion of the par t i c l e caused by the'magnetic 
f i e l d i s proportional to t h i s i n t e g r a l . Thus the greater the l i n e i n t e g r a l , 
the greater the angular def lec t ion for a given momentum and hence the larger 
the m.d.m. 
So l id iron spectrographs, however, do suf fer from problems that a r i s e due 
to mult iple scatter ing i n the iron . This w i l l r e s u l t i n a f la t ten ing of the 
spectrum at high momentum due to the low momentum, p a r t i c l e s being scattered 
such that they seem to be of high momentum. The r ,m.s , value of the angle of 
s c a t t e r , <'5>, when measured i n the def lect ion plane, i s given by the re la t ion 
(Rossi and Greisen (1941)) , ^ 1 
<6> = 11^99 (Zty radians - , 
•pp 2 . 1 
where p i s the momentum of the p a r t i c l e in MeV/c and Zt i s the to ta l thickness 
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of matter traversed measured in radiat ion lengths. For a uniform magnetic 
f i e l d the magnetic de f l ec t ion , (j), i s given by the re la t ion 
p ^ 2.2 
where i s a constant and 1 i s the length of the magnet. This formula i s 
derived i n §2.2. 
Now, f o r an iron magnet, most of the matter traversed w i l l be in the iron. 
So we have Zt = kgl j where kg i s a constant, 
r -
• Hience •.0. „ J . 1 a s p - > l 2 3 
<d> 
Thus the s ignal to noise ratio. increases as 1 , implying the greater 
the thickness of iron traversed by the p a r t i c l e s , the better i s the spectro-
graph. For momentum spectrum measurements a correction has to be applied to 
the r e s u l t s to take into account the above scattering ef fects . 
2c 2 Derivat ion of the Deflect ion Equations used i n Magnetic Spectrographs 
Figure 2 ,1 shows the def lect ion of a charged par t i c l e of momentum 
p eV/c in the def lec t ion plane, when the par t i c l e passes through a magnetic 
f i e l d of f l u x density B gauss. The def lec t ion plane i s at right angles to 
the magnetic f i e l d d irec t ion . 
For a s ingly charged par t i c l e , , the momentum (p) and radius of curvature 
(p) of the t r a j e c t o r y at any point are re lated to the magnetic f lux density (B) 
by the equation: 
p = 300 Bp 2.4 
when p i s measured i n eV/c , B i n gauss,and p in cm. 
I f there i s no loss in momenttmi during the t r a v e r s a l of the magnetic 
f i e l d , then p i s a constant and the t ra jec tory i s the arc of a c i r c l e . In 
pract i ce the p a r t i c l e loses some momentum and a correct ion has to be applied, 
the magnitude of the correct ion depending upon the incoming energy and the 
amount -Of matter traversed by the part ic le , -
From f igure 2.1 d l = pd 0 2.5 
Path Of C h a r g e d 
P a r t i c l e 
M a g n e t i c Fie ld 
R e g i o n 
Figure 2.1 The Path of a Charged P a r t i c l e i n a Uniform 
Magnetic F i e l d . 
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where 6 i s measured from the magnetic f i e l d entry point and 1 i s the length 
of the t r a j e c t o r y i n the magnetic f i e l d for the angle 6. 
Substitut ing for -pfrom.^equation 2.5- i n t o equation,2.4'Ogives 
p = 3O0B d l _ 
d d 
or pd d = 300Bdl - ., . 2.6 
The p a r t i c l e i s deflected by an angle cp i n the magnetic f i e l d as shown 
i n f igure 2 .1 . 
Hence,' from equation 2.6 
p d 0 = 300 / B d l - . 2.7 
0 
I f the momentum los^ i s small compared to the incident, momentum, then p 
pan be taken as constant and equation 2.7 becomes 
p ^ = 3001 Bdl - .... 2.8 
Equation 2. 8 i s used to determine the momentum of a par t i c l e in so ca l l ed 
conventional spectrographs. In t h i s type of spectrograph the angular def lect ion 
(f) i s measured by determining the t ra jec tory of the p a r t i c l e before and a f t e r 
i t s passage through the magnetic f i e l d . The angular def lect ion i s converted 
into a l i n e a r def lec t ion when the def lect ions are measured at a suitable 
measuring l e v e l . Figure 2. 2 shows the general arrangement of a conventional 
spectrograph. Several detecting l eve l s are placed on e i ther s ide .of the 
magnetic f i e l d volume to determine the track of a p a r t i c l e . The types of 
detectors used i n spectrographs are mentioned i n § 2 . 3 and § 2 . 4 . 
Using the notation of f igure 2 . 2 , equation 2.8 becomes i f ^ i s small 
p A = 300 / Bdl 
d 
or pA = 30Gaj B i l 2.9 
where d i s the distance between the measuring levels . . 
Hence by measuring A, the momentum p can be determined from a knowledge of 
the spectrograph dimensions and magnetic f lux density. I f the magnetic f i e l d 
i s uniform then the angular def lect ion i s proportional to the length of the 
magnet. 
P a r t i c l e 
( u. 
McQsurin cj 
L^velE. 
M a g n e t i c F i e l d 
1^  c g i 0 ri 
M e a s u r i n g 
L c V eIs 
Figure 2,2 Schematic Form of a Convent.ional Spectrograph, 
P a r t i c l e _ 
D e t e c t o r s 
M a g n e t i c F ie ld 
R e g i o n 
Figure 2.3 Schematic Forai of a Mult i layer Spectrograph, 
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In so c a l l e d mult i layer spectrographs, par t i c l e detectors are also 
placed i n gaps i n the magnetic f i e l d volume.. Figure 2,3 shows the general 
arrangement of a mult i layer spectrograph. The e f fect of the a i r gaps between 
the magnets has to be taken into •account i n the derivation of the momentum 
of a p a r t i c l e . 
I n order to compare the def lect ing power of spectrographs, the value of 
B d l i s often quoted for the p a r t i c u l a r case of a traj'ectory passing normally 
through the magnet and having a small def lect ion. . In t h i s case the integral 
i s taken as the product of the magnetic f l u x density and the magnet length 
and i s normally measured- i n uni ts of gauss cm. The valuesof t h i s integral 
for severa l cosmic ray spectrographs are l i s t e d i n Tables 2 . 1 , 2 .2 , and 2.3. 
For a uniform magnetic f i e l d equation 2.8 reduces to 
p ^ = 300 B | d l 2.10 
I f the de f l ec t ion i s small then for a conventional spectrograph equation 2 ,10 
becomes 
P0 = 300 B i , 2 .11 
where 1 i s the t o t a l length of the magnet which i s equivalent to equation 
2.2 i f k^= 300 B. 
2.3 A i r Gap Spectrographs 
Table 2 . 1 l i s t s the main a i r gap spectrographs b u i l t since 1950. Also 
shown are the main c h a r a c t e r i s t i c s of each spectrograph. Several of the 
spectrographs are described i n greater d e t a i l below. 
Several spectrographs (Hyams et a l . (1950) , Caro et a l . (1951), 
Brooke et a l , (1962)) used Geiger counters as detecting elements. By 
analysing the tr iggered countersin the measuring l e v e l s , the def lect ion i n 
terms of the Geiger counter widths could be found. -The spectrum could then be 
found from a knowledge of the rates in the various counter width categories 
and the v a r i a t i o n of the acceptance of the instrument with def lect ion. 
14 
TABLE- 2.1 
The Major A i r Gap Spectrographs.(Post I93O) 
. T 4 . - • m.-d..m.. Acceptance Zenith J B, dl n 4. + Authors Location / . >. / . .\ . ^ r • \ Detectors (GeV/c) (cm s t e r . ) Angle (gauss.cm) 
21 0.93 0 6. 5 X 10^ G.M. Hyams et a l . ^ o^ ^ c ; ^ T n 5 
-^'•^ ^^^ Manchester 
U K 
Holmes et a l . ' ° ^, „ . ^0 _ ^ _6 
(1961) 
240 0.93 0 5.97x 10. G.M. and C O . 
toSlf^'- Mal.oun,e, 50 0.69 0° ^ . 6 x l O ^ * 
A u s t r a l i a 
~ 9 5 T ) 50 0.69 0 ^ 3 0 ^ 6 § ^ . 6 x l 0 5 • 
" Estimated 
Keyr G.C. = Cloud "Chambers 
F . T. = F l a s h Tubes 
G. M. = Geiger Counters 
0. S. C. = Opt ical Spark Chambers 
S. = S c i n t i l l a t i o n Counters 
•G.M. 
K.ne et a l . C o r n e l l , 176 6.-9 0° - 1 . 5 x 1 0 ^ * G.M. a n d C . C . 
^^^^^^ U.S .A. 
^ ^ g j j 120 0 ° , 6 8 ° - 1 . 5 X 10^ * G.M. and F . T . 
18 8.0 0° 6 . -41xl05 CM. 
Durham, 
Hayman and U.K. o 5 
Wolfendale ' 443 8.0 0 6,03 x lO'' G.M. and F . T . 
(1962) 
N : : r ( i ; 6 2 ) ' ^ . M . a n d F . T . 
Nottingham, • _ "^^  
U K 
M'^ ^W S^C ' 28 0.73 3 0 ° , 4 5 ° , 1.05 x 10^ G.M. and F . T . 
Nash Cl965a+b) ^ 600,830-96° 
Kasha et a l . Brookhaven, ^ o^ 10^ S. a n d O . S . C . 
(^1900) U.S.A. 
(l97Sf ulX' ' 500 7 5 ° , 8 0 ° , 8 5 ° 3 . 4 x l O ^ - S. a n d O . S . C , 
F l a t t e et a l . Stanford, 2000 570 60°r87° 3 x 1 0 ^ S. a n d O . S . C . 
(1971) U.S.A. 
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Figure 2 .4 shows a diagram of the Manchester v e r t i c a l spectrograph 
described by Hyams et a l . ( l 9 5 0 ) . The spectrograph consisted of two a i r gap 
magnets with Geiger counters placed as shown i n f igure 2 ,4, The def lect ion 
of a p a r t i c l e travers ing the spectrograph was obtained by recording the Geiger 
counters which had discharged i n the three measuring levels . . The spectrograph 
was tr iggered by a f i ve fo ld coincidence between a counter in each of the 
measuring l eve l s and two counters at r ight angles to.the countersin the 
measuring leve l s , , which.-lrere s i tuated i n the a i r gaps of the two magnets^ The • 
discharged counters were indicated on a necnbulb hodoscope array which was 
photographed. By examining the discharged counters a def lect ion i n terms 
of the counter numbers could be obtained. 
Several of the spectrographs were modified to include further detectors 
which could define the track of a p a r t i c l e with greater accuracy. These 
secondary detectors were triggered only when the Geiger counters recorded a 
de f l ec t ion in- the lowest category and so the Geiger co.unters were being used as' 
a form of momentum selector. 
The m, d, mis'of the spectrographs modified in t h i s way consequentially 
increased. For example, Holmes et a l , (1961) added three cloud chambers near 
to the three measuring l e v e l s of the Manchester spectrograph described above 
which were then used as the track locat ing detectors. This increased the 
m,d,m, o f the spectrograph from- 21 GeV/c to 24O GeV/c, 
The form of the Durham v e r t i c a l spectrograph described by Hayman and 
Wolfendale (1962) i s shown in f igure 2 ,5 . The spectrograph was a modification 
of that described by Brooke et a l , (1962). Four trays of neon f l a s h tubes of 
i n t e r n a l diameter 5.9 mm and pressure 2,3 atmospheres were placed near to the 
four l a y e r s of Geiger counters showm in f igure 2 .5 . A momentum selector was 
incorporated i n the Geiger counter system and the f l a s h tubes were triggered 
only when'the def lect ion of the p a r t i c l e travers ing the spectrograph was l e s s 
than a c e r t a i n value set by the momentum selector e lectronics . The events 
were photographed and the f i l m scanned to determine the t r a j e c t o r i e s of the 
par t i c l e s . . 
Magnet Pole 
Pi 'cCGS 
I ! 
1^  
M e a s u r i n g T r a y 
( G e i g e r Count t ' rs - ) 
G e i g e r C o u n t e r 
M e a s u r i n g T r a y 
( G e i g e r . C o u n t e r s ) 
G e i g e r C o u n t e r 
3 0 cm S c a l e 
3 0 cm 
M e a s u r i n g T r a y 
( G e i g e r C o u n t e r s ) 
Figure 2.4 The Manchester V e r t i c a l Airgap Spectrograph 
Described by Hyams et a l o ( l950) . 
L e a d 
ZD 
G e i g e r C o u n t e r s 
F l a s h Tube Tray 
G c i g e r C o u n t e r s 
F l a s h Tube T r a y 
M a g n e t Pole P i e c e s 
e=3 
G c i g e r C o u n t e r s 
F l a s h Tube T r a y 
Gei 'ger C o u n t e r s 
I SO cm I 
S c a l e 
] F l a s h Tube Tray 
^ G e i g e r C o u n t e r s 
Fifflire 2. 3 The I>ar}iam Ve r t i c a l Airgap Spectrograph Described 
by Hayman and Wolfendale (1962). 
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The recent spectrographs of Kasha et a l . (1968) and Asbury at a l . (l970) 
used a i r gap magnets which had been used o r i g i n a l l y f o r accelerator experiments 
•at the Brookhaven National Laboratory, U.S.A. and the Argonne National 
Laboratory,U. S..A. respectively. The sizesof these magnets are thus bigger 
than conventional cosmic ray magnets.. The spectrographs used s c i n t i l l a t i o n 
counters t o detect the muon and optical spark chambers to locate the trajectory 
of the p a r t i c l e traversing the spectrograph.. S c i n t i l l a t i o n counters tiave an 
advantage over trays of Geiger counters i n that there i s no dead space across 
the detecting l e v e l so the acceptance of the spectrograph i s easier to 
calculate. 
2.1+ Solid Iron Spectrographs 
Table 2.2 l i s t s the main sol i d iron spectrographs b u i l t since I96O 
together w i t h t h e i r main characteristics. Further details of some of the 
spectrographs are described below. 
Several of the spectrographs have been modified by using improved detecting 
systems. For example, the Durham spectrograph of Ashton and Wolfendale (1963) 
was subsequently modified (see Ashton et a l . (1966)) by the addition of 
trays of neon f l a s h tubes which were used to define the muon trajectory with 
greater accuracy. This resulted i n the increase of the m.d.m. of the instrument 
from 40 GeV/c t o I98 GeV/c. 
Figure 2.6 shows a diagram of the modified spectrograph. The flash tubes 
used i n the spectrograph had an inte r n a l diameter of 1.5 om and contained 
commercial neon gas at a pressure of 60 cm of mercury. The spectrograph was 
triggered by a four f o l d coincidence i n the Geiger counter trays ABCD. used 
with two anticoincidence Geiger counter trays E and F placed above the 
spectrograph. These anticoincidence counters reduced the frequency of 
extensive a i r showers t r i g g e r i n g the arrangement. A high voltage pulse was 
applied t o the f l a s h tubes when a t r i g g e r pulse was obtained from the Geiger 
counter coincidence system. The flash tubes were then photographed and the 
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TABLE 2.2' 
The Ma.jor Solid Iron Spectrographs 
Authors T m. d, m. Acceptance Zenith ],ocation ^^^^^^^ (cm\ter..) Angle 
B, d l 
gauss cm) Detectors 
Kamiya et a l . 
(1962) 
Nagoya, 
Japan - 1 0 0 7 5 ° - 9 0 ° ~4 X 1 0 ^ * S. and F.T. 
Ashton and 
Wolfendale 
( 1 9 6 3 ) 
Ashton et a l . 
( 1 9 6 6 ) 
Durham, 
U.K. 
40 
198 
80^ 9 . 8 X 10^ G.M. 
30 7 7 . 5 ° - 9 0 ° 9.82X 10^ G.M. and F.-T. 
B u l l et a l . 
( 1 9 6 5 ) 
Baber et a l . 
( I968a+b) 
Nottingham, 
U.K. 18.6 2.63X 10 .G.M. and F.T. 
Mackepwn et 
a l . ( l 9 6 6 ) ; 
Aurela and 
Wolfendale 
( 1 9 6 7 ) 
Durham, 
U.K.-
1045 
270 13 
82.5°- 9 0 ° 1.95 X 10 G.M, and F.T. 
8. 2 X 10^ G. M. and F. T. 
Alchudjian et 
al. ( 1 9 6 8 ) 
Mount 
Aragatz, 
U.S.S.R. 
-3000 105 8 3 ° - 9 0 ° 3 .65 X 10 G.M. and W. S. C. 
Palmer and 
Nash ( 1 9 6 9 ) 
F l i n t and 
Nash(l970) 
Nottingham, 
U.K. 
420 
428 
80'-
80^ 
1.90 X 10 G.M. and F.T. 
1.87 X 10 S. and F.T. 
Nandi and 
Sinha ( 1 9 7 0 ) 
Fugii et a l . 
( 1 9 6 9 ) 
Durgapur, 
India 
Nagoya, 
Japan-
560 
1280 
1 1 . 7 
85 7 9 ° - 9 0 ° 
3 . 2 4 X 10 G.M. and F.T. 
3 . 5 X 10 S. and F.T. 
A l l k o f e r et 
a l . ( 1 9 7 0 ) 
K i e l , 
W.Germany ~1000 16 Variable 3 . 2 x 10 S. and 0. S.G. 
Estimated' 
Key: F-.T.' = Flash Tubes 
G.M. = Geiger Counters 
0. S. C. = Optical Spark Chambers 
S.- = S c i n t i l l a t i o n Counters 
W.S. C. = Wire Spark Chamber 
D 
G c i g e r 
C o u n l c r s 
F l a c h T u b s 
T r a y 
Gcitjcr Counters 
M a o 17 c-1 
F l a s h Tube T r a y s ' ^ 
(O cm S c a l e 
l o c m 
G c i g e r 
C o u n t e r s 
IiSlii:2_2-_6 The Modified Durham Horizontal Solid Iron Spectrograph 
Described t y Ashton gt a l , (1966). 
Flach Tube 
T ray 
;3 G s i g e r C o u n t e r s 
M c g n c l 
3 0 I S c a l e 
cm 
30 cm 
F l a c h T u b e T r e y s 
G c i g e r C o u n t e r s 
G e i g c r C o u n t e r s 
F l a s h T u b e T r a y s 
G e i g c f C o u n t e r s 
Figure 2.7 The Nottingham V e r t i c a l Solid Iroa Spectrograph Described by 
Bull et a l . (1962). 
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f i l m scanned to determine the t r a j e c t o r i e s of the particles.. The spectrograph 
was b u i l t i n the near horizontal di r e c t i o n and accepted particles i n the zenith 
angle range 77,5° - 90°. 
The Nottingham v e r t i c a l spectrograph described by Bull et a l . (1965) i s 
shown i n figure 2,7. Trays of Geiger counters were used to detect the p a r t i c l e 
traversing the spectrograph and the t r a j e c t o r y was located by trays of neon 
flash tubes. The spectrograph was used by Baber et a l . (1968a + b) to measure 
the momentum spectjnMi and charge r a t i o of v e r t i c a l muons; t h e i r results are 
shown in' figures 1.1 and 1.2 f o r the v e r t i c a l spectrum and charge r a t i o 
respectively. 
The spectrographs'listed i n Table 2.2 have enabled measurements of the 
muon spectrum t o be \indertaken over a wide range of zenith angles.. However, 
although s o l i d i r o n spectrographs have normally larger values f o r the m.d.m. 
than a i r gap spectrographs, the acceptances in'most cases are s t i l l r e l a t i v e l y 
small. This results i n a low p a r t i c l e rate above the ra,d.m. of the instrument 
and hence uncertainty of the spectrum near t o the m.d.m. 
2.5 Large S:pectrographs under Constructioh orD.esign 
The results of Bergeson et al.(1967), which were described i n §1.5 have 
stimulated the design of spectrographs having m.d.mls of greater than several 
thousand GeV/c and also large acceptances. The spectrographs now under 
construction or design are shown i n Table 2.3. The Durham spectrograph, M,A-.R.S., 
i s included i n the table f o r comparison, though a more detailed l i s t i s given 
i n Table 3.1. These spectrographs are described b r i e f l y below. 
Adair, Kasha and colleagues (Kasha, 1971, private communication) are 
build i n g a j o i n t Yale University-Brookhaven National Laboratory spectrograph at 
Brookhaven, U.S.A. The spectrograph consists of a solid iron magnet, 
supporting two arms,, each of which holds two s c i n t i l l a t i o n counter hodoscope 
arrays and three optical' spark chambers.. The spectrograph is contained i n a 
steel framework which enables i t to be rotated to any required zenith angle. 
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TABLE 2..3 
Large Spectrographs Under Const-ruction or Design 
A..+Ur.^c T^ «^4-i;,v,. p. <i.ni. Acceptance Zenith -JB dl T^  ^  ^ Authors Location % / \ , -, z \ Detectors (GeV/c) (cm ster.;) Angle (gauss cm) 
Adair et Brookhaven,: nnnn 
a l . U.S.A. 
Masek et San Diego,^ , nn.r. 
a l . - U.S.A. ^ 
Cousins et Nottingham, 
al.(l970) U.K. 
Reines et I r v i n e , 
a l . , U.S.A. 
Allkofer Tel Aviv, 
et a l . I s r a e l 
(M.A. R. S.) Durham, 
U.K. 
'3000 
-15000. 
-7000 
~6000 
150 
3000 
120 
2500 
1466 
818 
Variable 4.48 x 10 S.: and 0. S.C. 
Variable 3 x 10 S. and W.S.C. 
2.7 X 10 6 G.M.and F.T.-(Vidicon Camera) 
90° 1.8 X 10^ S. and W.S.C. 
85° 4.8 X 10^ S. and W.S.C. 
0° 8.09 X 10^ S. and F. T. 
(Digitised) 
Key; F.T. = Flash Tubes' 
G.M. = Geiger Counters 
0.S.C. = Optical Spark Chambers 
S.' = S c i n t i l l a t i o n Counters 
W.S.C. = Wire Spark Chambers 
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A momentum selector i s incorporated i n the spectrograph by using three of the 
four s c i n t i l l a t i o n counter arrays.. The hodoscope arrays consist of a plane of 
s c i n t i l l a t i o n counters and a coincidence pulse between counters at the three levels 
f o r which the deflection i s apparently a straight l i n e causes the six spark 
chambers to be pulsed. The spectrograph has been b u i l t and i s currently under 
test, 
Masek and co-workers at the University of California i n San Diego, U.S.A., 
are t e s t i n g a s o l i d i r o n spectrograph which has been designed to operate over 
a wide v a r i e t y of zenith angles. The spectrograph w i l l use four wire spark 
chambers with magnetostrictive readout, two of which are placed on, either side 
of the magnet. 
The new Nottingham spectrograph (Couisins: et a l . (l970)) i s a modification 
of the spectrograph described by Bull et a l . (1965). The Geiger counters 
and f l a s h tube trays of the o r i g i n a l spectrograph (figure 2.7) have been 
modified and the distances from the magnet increased. This has resulted i n an • 
increased m.d.m. and acceptance of the instrument. The flash tubes w i l l not 
be photographed on f i l m i n the conventional way b.ut instead w i l l be photographed 
by a. vidicon camera., whose photocathode i s scanmed to f i n d the tub6s which 
flashed. This method of obtaining information from an array of flash tubes 
i s described by Harrison and Rastin (l970) and discussed further i n ^ .8.5. 
At the University of California i n . I r v i n e , U.S.A., Reines and colleagues 
are building a prototype spectrograph which i s approximately one t h i r d the 
size of the spectrograph i n Table 2,3. This prototype spectrograph w i l l be 
used i n the near horizontal di r e c t i o n and w i l l have a m.d.m. of 6OOO GeV/c and 
2 
an acceptance of 48O cm ster. After tests on t h i s smaller spectrograph, work 
w i l l , begin on building the large spectrograph. 
Design studies are being carried out on a multilayer spectrograph t o be 
b u i l t by the Universities of Tel Aviv, I s r a e l and K i e l , W. Germany 
(All k o f e r , 1971,private communication). The spectrograph w i l l be b u i l t i n 
Tel Aviv and w i l l consist of six magnet blocks of size 3.7m, x 1,8m. x 0.5m, 
The traversing p a r t i c l e s w i l l be detected by s c i n t i l l a t i o n counters, and wire 
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spark chambers with magnetostrictive readout, which w i l l be placed at the two 
ends of the spectrograph and i n the gaps between the magnet blocks, w i l l be used 
f o r the t r a j e c t o r y determination of a p a r t i c l e . The sj)ectrograph w i l l 
i n i t i a l l y be used f o r the study of near horizontal particles.. 
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CHAPTER 3 
M.A. R. S„ : The General Features of the Instrument 
3.1 Introduction 
The form of the Durham Magnetic Automated Research Spectrograph (M.A. R.S,) 
i s shown i n the scale diagrams of figures .3;,1 and 3.2, which show the front and 
side views of the instrument respectively, and Plates 1 and ,2, which show 
the spectrograph and the sp'ectrograph electronics respectively. As can be 
seen from figures 3;1 and 3.2,it basically consists of four magnet blocks, 
b l o c k s A, B, C, and D, each block containing 78 iron plates of thickness V s " 
and having an overall size of approximately 3,66m x 2.13m x l,24n. A magnetic 
fie;id of ^ppro?cimately l 6 kilogauss i s produced i n each block when an elec t r i c 
current of about 50A. i s passed through the energising coi l s of the blockSo 
This magnetic f i e l d i s discussed i n §3.2.3, 
Between the blocks are placed s c i n t i l l a t i o n counters and trays containing 
neon fl a s h tubes as shown i n figure'3.1. The s c i n t i l l a t i o n counters are used 
to detect p a r t i c l e s traversing the spectrograph and the flash tubes to 
determine the trajectories' of the particles. The spectrograph is symmetric 
about a v e r t i c a l plane^'through i t s centre, p a r a l l e l to the two larger sides, 
30 as to u t i l i s e a large part of the uniform f i e l d region of the magnet. This 
v e r t i c a l plane i s the plane AA' i n figure 3,1 and i t makes an angle of 27° 
East of Geomagnetic North. For the purpose of discussion the two sides of the 
spectrograph are known as the Red and Blue sides and these are the Western and 
Eastern sides of the spectrograph respectively. The main characteristics 
of the instrument are l i s t e d i n Table 3.1. Also included i n Table 3>1 are the 
p a r t i c l e rates o r i g i n a l l y expected i n the spectrograph, estimated from the 
v e r t i c a l muon in t e g r a l spectrum of Hayman and Wolfendale (1962), 
Because of the extremely large rate of low momentum particle's, passing 
through the spectrograph (see Table 3, l ) ' j a momentum. selector has been designed 
and incorporated i n the spectrograph, based;upon trays of neon flash tubes. 
Aj:inu!th Tray 
A 
A z i m u t h Tray 
N4oifiGntuin S e l e c t o r Tray | — 
S c i n t i l l a t i o n C o u n t e r \ — 
M e a s u r i n g Troy \ 
P l a t f o r m 
M e a s u r i n g T r a y f 
Momentum Se lec to r T r a y !• 
S c i n t i l l a t i o n Counter [• 
M e a s u r i n g T r a y i 
B l o c k D 
B l o c k C 
P l a t f o r m 
M e a s u r i n g Tray h 
Momentum Selector Tray t 
M e a s u r i n g Tray | 
S c i n t i l l a t i o n Counter \ 
F l o o r Level • 
i I-
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P l a t f o r m 
L e v e l 4 
H L e v e l 3 
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B l o c k A 
Platfor^m 
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H L e v e l I 
3 0 cm S c a l e 
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Figure 3.2 M.A.R.S. : Side View of the'Spectrograph. 
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TABLE 3.1 
M.A. R, S. ; The Main Characteristics of the Instrument 
Dimensions of a Magnet Block 3,66m x 2,13m x 1.24m 
Weight of a Magnet Block 71 tons 
Overall Height 7.62m 
2 
Acceptance 818 cm ster. 
Angtilar Range (neglecting magnetic deflection and multiple scattering) 
( i ) Deflection Plane + 7 o 
.0 ( i i ) Rear Plane + 15.5 
Magnetic Flux l6,3 +0.1 kilogauss; 
Bdl 8.09 X 10^ gauss cm 
-0.12 
< d > scatt 
(p mag 
Minimum Detectable Momentum: 6.9 GeV/c 
Maximum Detectable Momentum ~ 6000 GeV/c 
Mom:,entum Selector'Efficiencies ( f o r Vertical Incident F&,rticleffi) 
Momentum = 220 GeV/c Efficiency = Ofo 
Momentum = 56O GeV/c Efficiency = 100^ 
Expected Ra^tes through each side of the Spectrograph using Integral Spectrum 
of Hayman arid Wolfendale (1962), (Magnetic Flux Density = l6.3 k gauss, no 
paralysis) 
Momentum (GeV/c) Rate 
> 50 63.6 hr~^ 
> 100 14.8 hrr"*" 
> 200 3.1 hrr""" 
> 500 7.8 day""^  
>1000 1.3 day"""" 
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The flash tube trays used i n the momentim selector are called Momentum Selector 
Trays and are situated i n the spectrograph as shown i n figure 3.1, The trays 
each contain four layers of flash tubes of length 2m, The tubes have a mean 
int e r n a l diameter of 1,53 cin and contain commercial neon gas at a pressure of 
60 cm of mercury. 
Further trays of eight layers of small diameter flash tubes are located 
i n the spectrograph at the positions shown i n figure 3.1. These trays are 
called Measuring Trays and are used to determine the tr a j e c t o r y of certain 
p a r t i c l e s , which, as w i l l be explained below, are known as high momentimi 
particles. The f l a s h tubes used i n the Measuring Trays are 2m. long, have a 
mean in t e r n a l diameter of 5,55™, and contain commercial neon gas at a pressure 
of 2,4 atmospheres. 
Both the f l a s h tubes i n the Momentum Selector Trays and Measuring Trays 
are d i g i t i s e d using the technique discussed i n Chapter 4. More detailed 
descriptions of the Momentum Selector Trays and Measuring Trays are given i n 
Chapter 5 and Chapter 6 respectively. 
The Momentum Selector Trays are used i n conjunction with an electronic 
device, which i s described i n Chapter 5, to determine whether a particular 
p a r t i c l e traversing the spectrograph i s of r e l a t i v e l y high momentum. This 
device together w i t h the Momentum Selector Trays constitute the Momentum 
Selector. A so called high momentum event could be detected by the Momentum 
Selector i f the momentum i s greater than about 200 G-eY/c, the efficiency of the 
Momentum Selector varies from zero at about 220 GeV/c to 100^ at about 500 GeV/c 
fo r p a r t i c l e s incident i n the v e r t i c a l direction as explained i n §7.2. 
I f a high momentum event i s flagged from the Momentum Selector, the 
di g i t i s e d information from the Measuring Trays on the triggered side i s fed 
into a Mullard core store, which can hold 1024 8 b i t words. Also held i n the 
cojre store is - d i g i t i s e d information of the event number, time of the event, 
date, magnet current and f i e l d d irection, t r i g g e r mode of the event, and 
25 
atmospheric pressure. The contents of the core store are then transferred via 
an I . BiMo 1130 comput.er to a magnetic disc store. The event i s processed by 
the 1130 computer when required. The computer is also used by the High Energy 
Nuclear Physics group to control the on-line' scanning of bubble chamber f i l m . 
The majority of the tr i g g e r i n g particles, being of low momentim, are 
analysed by the Momentum 'Selector in. conjunction with a-specially b u i l t d i g i t a l 
device know.n as the Restricted Use D i g i t a l Instrument (R,U.D, l ) , . This device 
calculates the deflection of the p a r t i c l e recorded by the Momentum Selector and 
stores the deflection i n d i g i t a l form on a 4OO channel pulse height analyser 
(P.H.A, ), This device i s discussed further i n §5,10. 
Two transverse trays of d i g i t i s e d f l a s h tubes are placed at the top of the 
spectrograph as shown i n figure 3i2, These trays enable an estimate to be made 
of the entry angle of each p a r t i c l e i n the back plane of the spectrograph to 
i 0,5°, The trays are called the Azimuth Trays and use 2,5m, long flash tubes 
of the same diameter and pressure as the flash tubes used i n the Momentum 
Selector Trays. The information i n these trays i s stored on the computer disc 
whenever,a high momentum event i s flagged, irrespective of the side through 
which the p a r t i c l e passed, A more detailed account of the Azimuth Trays i s given 
i n §6,7. 
Access t.o each le v e l of the spectrograph i s obtained by a two storey 
platform.supported by ten steel girders of length. 23' as shown i n figures 3.1 
and 3,2, which.is constructed around the four sides ;of the spectrograph. 
The flash tube trays and s c i n t i l l a t i o n counters i n both sides of the 
speq-trograph rest on steel r o l l e r s , which f i t into bearings fixed i n the 
magnet block supports. This f a c i l i t a t e s ease of movement of the various 
components int o t h e i r correct position i n the spectrograph. The Azimuth Trays 
are placed i n a framework made of 6" x 3" x ^" steel channel, which rests on the 
top of the supports f o r the componenijs of lev e l 5, The trays rest i n the channel 
and can be moved int o t h e i r correct positions as they are easily accessible 
compared to the rest of the flash tube trays and s c i n t i l l a t o r s i n the spectrograph. 
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3.2 The Magnet 
3.2.1 Constiruction of the. Magnet 
Because of the large weight of the magnet^ supports, and detectors 
(over.300 tons), the magnet was constructed on a specially designed base. The 
f l o o r of the laboratory is made from wooden blocks 1" thick mated together over 
2" of cement and packing. Below t h i s packing i s a layer of reinforced concrete 
5" thick. The wooden blocks and packing were removed and a webbing of S" x ^ ' 
steel girders were mated int o the concrete. The supports f o r the magnet were 
placed i n position.on top of the girders and welded to the girders. 
Each magnet block consists of 78 iron plates. Each plate weights I8.cwt, 
and figure 3,3 shows the plan view of a plate, The.plate-s were made and cut 
1 " 
to the required size'with a tolerance of /16 (1,6mm) on the length and width 
by the B r i t i s h Steel Corporation works at Consett. The plates are made of low 
carbon content steel and Table 3.2 shows the chemical constitution of the plates. 
The comers.of the s l i t cut out of each plate are rounded following the results 
of Bennett and Nash (1960) who found that rounded comers increased the f i e l d 
uniformity. 
TABLE 3. 2 
Chemical Constitution of the Iron.used i n the Magnet 
Element C S P Mn Si Cr Ni ' Cu Sn Fe 
% by weight . 082 . 028 . 073 .370 , 018 •. Oil . 024 . 030 , 003 •99:..36l 
The magnet was - constructed one block at a time. The .plate:s comprising 
the f i r s t block, block A, were stacked on top of one another. Two plumb-lines 
were used'to f a c i l i t a t e ease of stacking the plates v e r t i c a l l y . Two of the 
edges of the s l i t cut i n each plate were used as the reference lines f o r the 
plumb-lines. 
When the required number of plates f o r the f i r s t block had been stacked, 
the c o i l s were wound on the block. The c o i l s are made from 4 S.W. G. copper wire 
o 
a 
"5 
(0 
00 
E 
m 
ri 
CO 
E u 
CO 
03 
ffl 
• E 
6 
00 
E u 
CO 
E 
0 
5] 
•p 
o 
fM 
5J 
1^  
0 H 
p 
k 
•H 
27 
5i9n™), there being I84 t u r n s on each side of the block. The c o i l s are 
held i n p o s i t i o n by wooden formers placed a t each o f the f o u r comerso S l i t s 
were machined i n the formers, o f w i d t h and depth equal t o the wire diameter, 
i n t o which the w i r e f i t t e d . The wire was wound on t o the block using the 
procedure described below. 
About 20 t u r n s of wire were wound l o o s e l y around the block o f f the wire 
drum. The wire was then wound t i g h t l y round the block one t u r n at a time 
s t a r t i n g a t the end of the wire f u r t h e s t from the w i r e drum. The slack was 
taken up on the drum as the number of t u r n s was increased. 
When the 20 t u r n s had been wound on the block, the wire was cut and a 
f u r t h e r 20 tu r n s wound l o o s e l y on t o the block. The ends of the wire were 
j o i n e d by a brass f e r r u l e i n t o which the two wires were s o f t soldered. The 
process was.repeated u n t i l one side had been completed. The opposite side o f 
the magnet was wound i n the same way and the two sides connected i n series. 
To keep the wires t a u t and p a r a l l e l , s t r i n g was looped between the c o i l s 
at three p o i n t s on each of the f o u r sides of the turns. Plate 3 shows part of 
the f i r s t magnet block, block A, during the winding of the coils,, the wooden 
formers and the loose turns of w i r e can'easily be seen. To. prevent the c o i l s 
touching the blo c k , sheets of elephant hide were placed between the c o i l s and 
the block. 
When the f i r s t magnet block was completed, the supports f o r the next block, 
block B, were placed on top of the f i r s t block and welded i n t o position-. The 
gap between the f i r s t and second blocks i s only 7" , To make the c o i l winding 
easier, the second block was b u i l t on a packing of s t e e l plates at the f o u r 
corners of the block such t h a t the gap was about 20" . A f t e r the block had been 
b u i l t and the c o i l s wound, the packing was slowly removed w i t h the help of two 
twenty-ton jacks and.the block placed on t o i t s supports. This packing 
procedure was also used on block D as the gap between i t and the lower block i s 
also 7"' . The gap between blocks B and C i s 19" so block C was b u i l t on t o i t s 
supports w i t h o u t any packing. 
PLATE 3 
View o f t h e Magnet Block A during 
the Winding o f the Coils* 
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3.2.2 The R e c t i f i e r System 
The c o i l s on blocks A and C are j o i n e d i n series. The c o i l s on blocks 
B and D are j o i n e d i n a similar-manner. The two sets of c o i l s are connected 
i n p a r a l l e l v i a reversing, switches acros:s a r e c t i f i e r u n i t . The r e c t i f i e r ' 
produces a D. voltage of 120 v o l t s from a three phase input. When a l l the 
c o i l s are connected t o the r e c t i f i e r a current of 5 0 A. flows through each c o i l , 
thus g i v i n g an output current o f 100 A. from the r e c t i f i e r , A power output of 
12 Kff.is thus d i s s i p a t e d i n the c o i l s , 
3=2.3 The Magnetic F i e l d 
The magnetic f i e l d was measured at va r i o u s . p o s i t i o n s i n the magnet blocks. 
A,C, and D t o determine the u n i f o r m i t y of the f i e l d . Search c o i l s were placed 
i n several, p l a t e s during the c o n s t r u c t i o n of the blocks. Figure 3.4 shows the 
arrangement of these p l a t e s i n the blocks. Figure 3.5.shows the p o s i t i o n s 
of the search c o i l s i n a p l a t e and f i g u r e 3.6 the form of an i n d i v i d u a l search 
c o i l . The search c o i l s were made from p l a s t i c coated.stranded t i n n e d copper 
wire type 7/OOO48. 
The f l u x through each search c o i l was determined by reversing the d i r e c t i o n 
of the magnetic f i e l d and observing the d e f l e c t i o n on a'fluxmeter connected t o 
the search c o i l . As the magnet c o i l s have an inductance of about 12H., i t was 
impossible t o reverse the f i e l d instantaneously. Hence the f o l l o w i n g procedure 
was c a r r i e d out. 
The magnet energising c u r r e n t was switched on and the fluxmeter- connected 
t o a search-.coil. The current was switched o f f and a f t e r a c e r t a i n w a i t i n g 
period the f i e l d was reversed using the reversing switches and the current 
again switched on. The r e s u l t i n g change .of the fluxmeter reading was noted. 
The procedure was repeated f o r several values of w a i t i n g time and a graph 
p l o t t e d of w a i t i n g time against f l u x re.ading. The w a i t i n g time was never less 
than 30'sec, because of the p o s s i b i l i t y t h a t the back e.m. f. due t o the large 
inductance of the c o i l s would cause sparking at the reversing switches i f the 
Plat? 58 - «- — 
Plate 30 
Plato ^iO - > 
Plate I 
Figure 3.4 The Positions of the Magnet Plates w i t h Search Coils. 
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. 1 2 3 
Figure 3.3 The PDsitions o f the 'Search Coils i n the Plateso 
Search C o i l 
. FI uxmetc r 
Figure 3.6 The Fo.m o f a Search C o i l 
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w a i t i n g time was less than t h i s . The fluxmeter reading at zero time was then 
extrapolated from the graph. Figure 3.7 shows a t y p i c a l graph corresponding 
t o or^e of the search c o i l s obtained using t h i s method. 
The v a r i a t i o n i n the f i e l d i n the planes perpendicular t o the magnetic 
f i e l d when averaged over a l l the search c o i l s i n the planes i s shown i n f i g u r e 
3.8 f o r block G. Also f o r t h i s b lock, f i g u r e . 3.9 shows the v a r i a t i o n of the 
f i e l d along the planes p a r a l l e l t o the plane A A' i n f i g u r e 3.1 when again 
averaged over a l l the search c o i l s i n the planes. I n f i g u r e s 3.8 and 3.9 the 
corresponding planes on both sides of the magnet have been, taken together and 
p l o t t e d as a s i n g l e p o i n t . The f i e l d v a r i a t i o n f o r blocks A,B, and D i s also 
s i m i l a r t o t h a t o f block C. 
The above graphs show t h a t a uniform f i e l d , the maximum non u n i f o r m i t y 
being about +2% can be obtained i n the volume of the magnet used f o r the 
d e f l e c t i o n of a t r a v e r s i n g p a r t i c l e . 
The average magnetic f i e l d w i t h i n a block was measured by the use of a 
s i n g l e c o i l of w i r e around the centre of the block which was connected t o the 
Y t e r m i n a l s of an X - Y p l o t t e r . The X a x i s terminals were connected t o a 
voltage which increased l i n e a r l y w i t h time. 
The voltage ( v ) produced across the ends of the c o i l i s given by the usual 
r e l a t i o n : V = ~ ^ s where N i s the f l u x l i n k i n g the c o i l . Hence the f l u x 
dt 
change, N, i s given by N = - d t . The area under a curve of V against time 
gives N from which the magnetic f i e l d can be determined. 
The same procedure was used w i t h the X - Y p l o t t e r as w i t h the search c o i l s 
connected t o a fluxmeter. The X-Y p l o t t e r was s t a r t e d when the magnet energising 
current was on. The current was switched o f f and a f t e r 30 seconds the f i e l d was 
reversed using the reversing switches and the current switched on again. 
Corrections were made t o the r e s u l t i n g pen recording f o r the response time of 
the p l o t t e r , which was longer than the r i s e time of the input voltage pulse 
from the c o i l , and f o r the dead time of the p l o t t e r between successive sweeps. 
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The area under the curve, a f t e r a pplying the cor r e c t i o n s mentioned above, 
was measured by three independent methods: counting the squares, Simpson's Rule, 
and c u t t i n g out an o u t l i n e of the curve and weighing. ' " The r e s u l t s f o r the 
three methods are given i n Table 3-3 f o r "the f o u r magnet blocks. The r e s u l t a n t 
mean magnetic f i e l d over the s e n s i t i v e region of the magnet was found t o be 
16.3 + 0.1 kilogauss. 
TABL.E 3.3. 
Results o f the Magnetic F i e l d Measurements f o r the Magnet Blocks using a X-Y P l o t t e r | 
Method of Measurement 
Block Counting Squares Simpson's Rule Weighing Average 
A 16 . 24 16.23 16.27 16.36 16,56 16.33 
B 16.47 16.01 15.79 16.57 . 16,22 16.21 
C 16.18 16.14 16.20 16.87 • 16,52 16.38 
D 16.45 16.44 16, 01 16.29 16,03 16.24 
Average 16.34 16.21 16.07 16. 52 16.33 _ 
Measurements i n Kilogauss. 
Average Value of Magnetic f i e l d _ l6.3 ^  0.1 Kilogauss 
3.3 The S c i n t i l l a t i o n Counters 
The s c i n t i l l a t i o n counters are made from p l a s t i c s c i n t i l l a t o r m a t e r i a l 
type number NE 102a -and have ai( overall size o f approximately 177 cm x 75 cm x 5 cm. 
The l i g h t output from the s c i n t i l l a t o r s i s c o l l e c t e d using the technique 
discussed by Bamaby and Barton (196O) and Ashton et a l . (1965), Four 
p h o t o m u l t i p l i e r s ( M u l l a r d type 53 AVP) are f i x e d on t o Eerspex l i g h t guides 
on the ends of the s c i n t i l l a t o r s by means of o p t i c a l cement. The l i g h t guides 
are s i m i l a r l y j o i n e d t o the s c i n t i l l a t o r s by o p t i c a l cement. Figure 3.10(a) 
shows the form o f the l i g h t guides and the p o s i t i o n s of the p h o t o m u l t i p l i e r s . 
The response of a p h o t o m u l t i p l i e r i s e f f e c t e d by stray magnetic f i e l d s 
so each p h o t o m u l t i p l i e r i s shielded by a [i metal s h i e l d and a s o f t i r o n s h i e l d 
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as shown i n f i g u r e 3.10(b). The Pe'rspex c y l i n d r i c a l l i g h t guides, to which the 
p h o t o m u l t i p l i e r s are j o i n e d i n f i g u r e 3 .10(a), enable the shields t o f i t over 
each p h o t o m u l t i p l i e r . 
The s c i n t i l l a t o r and p h o t o m u l t i p l i e r s are contained i n s i d e a l i g h t t i g h t box. 
The sides of the box are made of al^ominium a l l o y channel of size 3' x 2" x , 
the o v e r a l l size of the box being 330cm x 76cm x 7.6cm, The top and bottom 
of the box are.made from hardboard sheet f i x e d to the channel by aluminium 
s t r i p s placed around the sides of the hardboard. The .s t r i p s are held i n 
p o s i t i o n by 0 B. A, countersunk screws passing through the s t r i p s and hardboard 
i n t o the channel. Aluminium sheet is.placed over the hardboard and i s located 
between the hardboard and aluminium strips'. 
Before, being placed i n the l i g h t t i g h t box, the s c i n t i l l a t o r and l i g h t 
guides were polished and,then covered w i t h aluminium f o i l . This reduces the 
l i g h t l o s t from the outer surfaces, A sheet of black p l a s t i c i s used t o cover 
the s c i n t i l l a t o r and l i g h t guides t o prevent any extern a l l i g h t from e n t e r i n g 
the system. 
The dynode resistance chain f o r the p h b t o m u l t i p l i e r bases i s shown i n 
f i g u r e 3.11. The dynode chain i s contained i n the p h o t o m u l t i p l i e r base and i s 
•shielded by a metal c y l i n d e r . The E.H. T. t o each p h o t o m u l t i p l i e r can be va r i e d 
by means of a swi t c h arrangement of r e s i s t o r s which i s also shown i n f i g u r e 3.11 
connected t o ,a s t a b i l i s e d h igh voltage power supply. 
The E.H.T. of each p h o t o m u l t i p l i e r was adjusted, so that they each had 
the same gain, w i t h the a i d of a small s c i n t i l l a t o r telescope so positioned 
as t o selected only p a r t i c l e s passing through the centre of the counter. The 
two small s c i n t i l l a t i o n counters of the telescope were placed above and below 
the l a r g e s c i n t i l l a t i o n counter and an output pulse from the telescope 
coincidence u n i t was used t o gate a 400 channel pulse height analyser (P. H. A, ). 
The output pulses from each p h o t o m u l t i p l i e r were fed i n t o the P. H. A. and the 
E.H.T. f o r the p h o t o m u l t i p l i e r adjusted u n t i l the peak of the d i s t r i b u t i o n , which 
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i s the most probable pulse height, due t o the tra!versal of the c e n t r a l region 
of the.counter by a p a r t i c l e ^ o c c u r r e d at a c e r t a i n channel number on the P. H.A, , 
t h i s channel number being the same f o r each of the f o u r p h o t o m u l t i p l i e r s . 
To,obtain a uniform re-sponse o.ver the s c i n t i l l a t o r , the fo u r p h o t o m u l t i p l i e r s 
on each s c i n t i l l a t o r are taken i n p a i r s as shown i n f i g u r e 3,12, which shows 
the block diagram f o r t h e s c i n t i l l a t i o n counter e l e c t r o n i c s . The numbers shown 
on each p h o t o m u l t i p l i e r are the same as those i n f i g u r e 3,10(a);, 
The output pulses from the two paired p h o t o m u l t i p l i e r s a f t e r passing through 
head a m p l i f i e r s .are fed i n t o a pulse adding c i r c u i t . The pulse from the adding 
c i r c u i t i s a m p l i f i e d and f e d v i a co - a x i a l cable, to a d i s c r i m i n a t o r ..and pulse 
shaper. The head a m p l i f i e r s and adding c i r c u i t s are in- s h i e l d i n g boxes on the 
outside of the box ho l d i n g the s c i n t i l l a t o r , t h i s enables easy access t o be 
obtained i n case o f a f a u l t . 
The optimum d i s c r i m i n a t o r l e v e l f o r each of the paired p h o t o m u l t i p l i e r s 
was selected by g a t i n g the P, H.A. on the d i s c r i m i n a t o r output w h i l s t feeding 
the pulses from the s c i n t i l l a t i o n counter i n t o the P. H.A, The d i s c r i m i n a t i o n 
l e v e l could then be seen from the P.H.A. record and could be adjusted u n t i l most 
of the noise from the.counter was eliminated, 
to 
The added pulses from the second p a i r of p h o t o m u l t i p l i e r s i n the s c i n t i l l a t i o n 
•counter are also f e d t o a d i s c r i m i n a t o r and pulse shaper. The shaped outputs 
from the two d i s c r i m i n a t o r s are fed i n t o a two f o l d coincidence c i r c u i t as 
shown i n f i g u r e 3.12, An output pulse from the coincidence c i r c u i t i s u s u a l l y 
only obtained when at l e a s t one p a r t i c l e went through the counter. The 
resolviQg time of the system i s 0.7 us. 
A constant check i s made on the counting rate of each s c i n t i l l a t i d n counter 
by means of sijc ratemeters-, which d r i v e a s i x channel pen recorder; Each channel 
of the recorder i s sampled once a minute.. A potentiometer i s incorporated i n 
each ratemeter t o enable a steady D.C. voltage t o be applied t o the pen. recorder, 
upon which a voltage p r o p o r t i o n a l t o the s c i n t i l l a t o r counting r a t e i s applied. 
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This enables the record f o r each s c i n t i l l a t i o n counter t o be recorded at 
d i f f e r e n t p o s i t i o n s on the pen recorder chart, 
3.4 The Main Coincidence System 
3.4.1 I n t r o d u c t i o n 
This system i s responsible f o r c o n t r o l l i n g the t r i g g e r i n g of the f l a s h 
tube t r a y s and f o r producing output pulses t o the c o n t r o l l i n g e l e c t r o n i c s of 
the Momentum Selector and Measuring Tray systems. The system can be subdivided 
i n t o several smaller systems which are each responsible f o r producing output 
pulses t o other c o n t r o l l i n g e l e c t r o n i c systems. Figure 3.13 shows a block 
diagram o f th'e system showing the various sub-units and the outputs and inputs-
t o the r e s t o f the e l e c t r o n i c s . The main coincidence system i s contained i n a 
rack near t o the spectrograph and i s marked i n Plate 2, The form and f u n c t i o n 
of the v a r i o u s sub-units are described below. 
3,4.2 The Coincidence Unit 
The output pulses from the d i s c r i m i n a t o r u n i t corresponding to- each 
s c i n t i l l a t i o n counter are f e d i n t o the coincidence system as shown i n f i g u r e 3.14. 
Also shown i n the f i g u r e are the l o g i c l e v e l s i n the steady state. The c i r c u i t s 
used f o r t h e monostables {Hi/S i n f i g u r e 3ol4) and delay u n i t s are described 
in.Appendix A. A monostable, or pulse shaping c i r c u i t , produces an output 
pulse of constant l e n g t h i r r e s p e c t i v e of the l e n g t h of the input pulse and a 
delay u n i t delays the passage ofapulse by a c e r t a i n value. 
Several switches have been included i n the u n i t as shown i n f i g u r e 3.14 t o 
c o n t r o l the form of coincidence from the u n i t . These switches are .placed on the 
f r o n t panel of t h e u n i t . A f u r t h e r switch i s s i t u a t e d near t o the II30 computer 
so t h a t the computer operator can stop the system i f the need ar i s e s . 
When a three f o l d coincidence i s obtained from the s c i n t i l l a t i o n counters 
on one side of the spectrograph, two output pulses are f e d t o the t r i g g e r u n i t , 
a pulse i s f e d t o the reset unit,and an automatic p a r a l y s i s of 1,5 ms, i s 
a p p l i e d t o the complete apparatus. The t r i g g e r u n i t , which i s described i n 
§3,4.4, c o n t r o l s the p u l s i n g of the f l a s h tube t r s y s . The reset u n i t i s described 
i n §3.4.3 and i s t h e c o n t r o l l i n g l o g i c f o r the l e n g t h of papalysis set by a 
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high momentum event. The procedure a f t e r the p a r a l y s i s of 1,5 ms on the 
apparatus depends on whether the event i s a high or low momentum event. I f 
the event i s . a low moment \im event then the p a r a l y s i s on the side not t r i g g e r e d 
i s removed. The l e n g t h o f the p a r a l y s i s on the t r i g g e r e d side can be varie d 
from 0.5 se.c„ t o 7 sec;, by two series of switches, one f o r each side, on the 
f r o n t of the u n i t and can, i f required, be removed. 
I f the event i s a high momentxim event then a f u r t h e r p a r a l y s i s i s applied 
t o the apparatus by the reset u n i t which i s not removed u n t i l the information 
f o r the event has been stored i n the computer. This high momentum paralysis 
w i l l have been ap p l i e d t o the apparatus during the automatic p a r a l y s i s stage 
as the Momentum Selector w i l l ha;ve determined whether or not the event i s * a 
high momentum event a f t e r about 110 [is from the i n i t i a l three f o l d coincidence^ 
A f t e r t h e removal of the high momentum p a r a l y s i s the side not t r i g g e r e d w i l l 
- have i t s p a r a l y s i s removed. The t r i g g e r e d side may s t i l l be paralysed 
depending on the l e n g t h of the p a r a l y s i s set i n the e l e c t r o n i c s . 
I f a s i x f o l d coincidence pulse i s obtained from a l l the s c i n t i l l a t i o n 
counters, then the t r i g g e r output f o r the Blue side i s vetoed and high, voltage 
pulses are only applied t o the f l a s h tube t r a y s on the Red side and the Azimuth 
Trays, This i s because the core store i s only of s u f f i c i e n t size to store 
i n f o m a t i o n from one side and the Azimuth Trays. This w i l l be discussed f u r t h e r 
i n §6.8. 
Output pulses are provided from the u n i t t o the Momentum Selector, 
t r i g g e r mode, and t r a y steerage l o g i c t o i n d i c a t e which side has been t r i g g e r e d . 
The t r i g g e r mode records the t r i g g e r e d side f o r the core store and i s described 
i n §6.9.7. Further output pulses are provided t o count the coincidence rates 
of the s c i n t i l l a t i o n counters i n both paralysed and unparalysed modes and t o 
t r i g g e r a d i g i t a l voltmeter recording the atmospheric pressure as explained 
i n §6.9.8. The r a t e of p a r t i c l e s passing through each side and the s i x f o l d 
counts i n the p a r a l y s i s mode are recorded by a p r i n t e r u n i t . I n p a r t i c u l a r the 
number o f muon t r a v e r s a l s are p r i n t e d out every 20 minutes on t o a paper r e e l 
together w i t h the time and date. A f t e r p r i n t i n g , the counters s t a r t from zero 
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and again p r i n t out a f t e r a f u r t h e r 20 minutes.. Mechanical counters, which can 
be reset at w i l l , also record the t o t a l number of events and the high momentiam 
events obtained i n the three t r i gge r modes. The unparalysed counting rates 
are ho't intended to be recorded pemanently but w i l l be used to check the counting 
•rates i f required. 
The coincidence uni t also provides outputs to a c i r c u i t which records the 
running time of each side of the spectrograph. The running times are recorded 
by two mechanical counters graduated i n hours, minutes, and seconds. 
3; 4.3 The Reset Unit . 
The c i r c u i t diagram f o r the reset unit: i s shown i n f igure 3,15. As we l l 
as providing the paralysis on the apparatus when a high momentum event is 
•recorded, i t also provides pulses to the Momentum Selector Control uni t and 
the t r ay st«<rage logic to reset the electronic memories on the f l a sh tubes. 
The series of output pulses from the reset un i t depends on whether the 
event i s a low or high momentum event. I f the event i s a low momentum event 
then the input pulse from the coincidence u n i t , a f t e r being delayed by 1 ms, 
produces output pulses to the Momentum Selector and t ray steerage logic to reset 
the memories on the f l a sh tube t rays. The automatic paralysis on the apparatus 
i s removed 0,5 ms a f t e r the reset pulses to the electronic memories. 
I f the event is a high momentum event-, then an input pulse is received 
from the Momentum Selector. This produces an output pulse to t r igger the 
event number counter, which i s described .in § 6 . 9 . 2 , A f l i p - f l o p i s also 
tr iggered by t h i s output pulse which applies a paralysis to the apparatus. This 
t r i gge r pulse i s of length 60 [is t o prevent the f l i p - f l o p being reset by any 
noise produced during, the appl icat ion of the high voltage pulse. 
The output pulses from the un i t to reset the memories are vetoed by the 
appl ica t ion of t h i s paralysis. When the event has been stored i n the computer, 
a pulse i s received from the core store log ic . This produces the output pulses 
f o r the memory resets. A f t e r a fa r ther 25 ns the paralysis i s removed from the 
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whole apparatus,., The paralysis- of the triggered, side may s t i l l be applied; 
a f t e r the removal of the paralysis control led by the reset uni t as-, t h i s d'epends' 
on the paralysis- time' set inside the coincidence unit.. 
A push button switch i s incorporated i n the f ron t o f the unit-, which enables 
the paralysis f l i p - f l o p to be set to''the off'mode; v/hen. the power i s switched on„ 
The state of the f l i p - f l o p i s shown by an indicator bulb on the f ron t of the 
unit-.-, 
3-4.4. The Trigger Unit 
This uni t provides output pulses f o r the three high voltage t r igger units 
which are described i n § 3 . 5. Figure 3 . l6 shows a diagram of the arrangement 
f o r one of the c i r c u i t s , the remaining two c i r c u i t s are s imilar i n form. 
When a coincidence pulse i s obtained i n the coincidence u n i t , two output 
pulses are sent to the t r igger un i t . One of these pulses corresponds to the 
side to be t r iggered and the other pulse i s the trigge.r pulse f o r the Azimuth 
Trays. This l a t t e r pulse i s produced every event. I f a six f o l d coincidence 
i s obtained from the s c i n t i l l a t i o n counters,then only the t r igge r units f o r 
the Red side and Azimuth Trays are pulsed f o r the reason mentioned in, I] 3= 4. 2, 
Transistors are used to produce the output t r igge r pulse to the high 
voltage trig{,;e.r un i t f o r two reasons; to prevent feedback from the high 
voltage t r i gge r un i t e f f e c t i n g the rest of the electronics and also to 
prevent the high voltage t r i gge r un i t being tr iggered by noise pickup from 
adjacent apparatus. 
3. 5 The High Voltage Trigger Units 
• Three high voltage t r i gge r uni t s are incorporated i n the spectrograph 
elect-fonics. They are used to apply high voltage pulses to the f l a sh tube 
trays on each side of the spectrograph and to the Azimuth Trays, 
The high voltage pulse applied to a f l a sh tube t ray i s obtained by 
discharging a lumped parameter delay l i n e through a res is tor by means of a 
spark gap, A square negative pulse i s obtained across the res i s tor , which i s 
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applied to the f l a s h tube t rays. Two types of delay l i n e are used i n the 
spectrograph, each having a d i f f e r e n t characterist ic impedance and pulse length. 
For the Measuring and Azimuth Trays a delay l i n e ' o f characterist ic impedance 
22 ohms i s used which gives a pulse length on open c i r c u i t of 1.5 us. The 
Momentum Selector Trays use a delay l i ne of characterist ic impedance 47 ohms 
and pulse length of 3 l^ s on open c i r c u i t . The inductances used i n the delay 
l i n e are wound on dowel rod. Recesses have been machined i n the rod to allow 
the inductances to be a t i g h t f i t and not to move. The inductances are made 
from 18 S.W.K. copper wire = 1.22mm) which i s shellaced to prevent breakdown 
between adjacent turns. 
The delay l ines f o r the Measuring and Azimuth Trays comprise 15 elements 
and the inductances consist o f 8 turns of wire wound on a dowel rod of diameter 
2.5 cm w i t h the recesses machine;! so that the in t e rna l diameter of the inductance 
winding i s 2 cm. The delay l ines f o r the Momentum Selector Trays are made ' 
from 12 elements and the inductances consist of 22 turns of wire of in te rna l 
diameter 3 cm wound on a dowel rod of diameter 3.2 cm. The capacitors used 
on both types of delay l i n e are of value 2500 pf . and are joined to the mid 
point of the inductances and to a common l i n e , which i s a f " x 5" brass rod of 
length equal to the delay l i ne s . 
The res i s to r used w i t h the delay l i n e i s a Morganite disc shaped ceramic 
res i s to r . Contact i s made to the res is tor by means of brass discs f i xed to 
the ends of the res i s to r w i t h conducting cement. 
The value of th i s res i s tor governs the pulse height obtained f o r a f i x e d 
delay l i n e voltage and when the delay l i n e i s connected to a t ray i t e f fec t s the 
r i se time of the pulse. However, f o r the trays used i n the spectrograph, i t 
is. the capacitance of the trays which i s the dominant fac tor . The Miomentum 
Selector Trays, Measuring Trays, and Azimuth Trays, have capacitancesof 
0.005 \ i f , 0.028 | i f , and 0.019 [ i f respectively. The r i se time of the high 
voltage pulse applied to a f l a s h tube t ray i s important because during a 
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slowly r i s i n g pulse, the electrons produced i n a pa r t i cu la r f l a sh tube by 
the t ravers ing pa r t i c l e w i l l be swept to the walls before the applied e lec t r ic 
f i e l d i s s u f f i c i e n t to produce a discharge i n the tube, and such a pulse 
w i l l thus r e su l t i n a loss of e f f i c i e n c y f o r the f l a s h tube. 
The value of the r e s i s to r was determined by measuring the var ia t ion 
i n layer e f f i c i e n c y of the f l a s h tube trays as a funct ion of the applied 
pulse height f o r various values of the res is tor . The layer e f f i c i ency was 
measured by photographing the f l a sh tube trays i n the spectrograph. The 
value of the res i s tor and the form of the high voltage pulse applied to the 
trays are described i n |5.8.3 f o r the Momentum Selector Trays and §6.4 .2 f o r the 
Measuring Trays. 
Each f l a s h tube t r ay has i t s own delay l i n e . These delay l ines are 
grouped together i n three groups, two groups f o r the Red and Blue sides of 
the spectrograph and the t h i r d group f o r the Azimuth Trays. The delay l ines 
f o r the Red and Blue sides are arranged to stand v e r t i c a l l y on a sheet of Tufnol 
on the f i r s t l e v e l of the spectrograph gantry. The Azimuth Tray delay l ines 
stand on the second l eve l of the gantry. The delay l ines i n the three groups 
are enclosed by an aluminium box. The resistances f o r the delay l ines and the 
high voltage t r i g g e r un i t f i t above the delay l ines and are also shielded by the 
aluminium box.Plate 4 shows a photograph of a delay l i n e uni t when removed 
from i t s box, i n which the various components of the un i t are indicated. 
The Measuring and Momentum Selector Trays on one side are tr iggered by 
d i f f e r e n t spark gaps because the voltage on the delay l ines i s d i f f e r e n t f o r 
the two cases. The Azimuth Trays are t r iggered by one spark gap. 
The spark gaps are t r iggered by discharging a condenser of capacity 0.05 t^f 
through the primary of transformer using a t h y r i s t o r type BTX 64. Figure 3.17 
shows a diagram of the c i r c u i t . For the Red and Blue sides, the c i r c u i t i s 
repeated as shown i n f igu re 3.17,,.the two c i r c u i t s being f o r the Measuring 
Trays and Momentum Selector Trays. The c i r c u i t i s . t r iggered by a pulse from 
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the corresponding t r igge r un i t as described i n §3.4«4. A f t e r the delay l ines 
have been discharged, they are charged again through the 780kf^ res is tor from 
the high voltage supply as shown i n f igu re 3.17. With t h i s c i r c u i t the high 
voltage pulse can be applied to the f l a s h tube trays a f t e r a time of 1,5 
from the passage o f a t r i g g e r i n g pa r t i c l e through the spectrograph. 
The electronics i s mounted i n an aluminium box above the delay l ines 
shown i n Rate 4. The pulse transformers, spark gaps, and charging resistors 
f o r the delay l ines are contained i n the section above the delay l i n e resistors. 
The rest o f the electronics f i t in to the space above, Co-axial cable i s used 
from the delay l ines to the f l a s h tube t rays , the cable being connected to the 
trays by two brass connectors as explained i n §5.4 . 
3.6 Summary of the Triggering Procedure i n M.A. R. S. 
A r^sumi^.of the sequence of events which takes place when an event is 
detected i n one of the sides of the spectrograph i s given below. A block 
diagram of the-electronics system i s shown i n f igure 3.18, 
(i .) A three f o l d coincidence pulse i s obtained from the s c i n t i l l a t i o n 
counters on one side of the spectrograph, f o r instance the Red side. This 
resul ts i n pulses'.being fed to the fo l lowing un i t s : 
(a) the 2iigh voltage t r i g g e r uni ts f o r the Red Side and the Azimuth 
Trays to apply high voltage pulses to the required t rays; -
(b) the t r ay steerage logic to indicate that the d ig i t i s ed information 
i n the Measuring Trays on the Red Side and the Azimuth Trays i s to be fed in to 
the core store i f the event i s a high momentum eventj 
(c) the Momentum Selector control uni t to s ta r t the procedure f o r 
the readout of pulses from the Momentum Selector Trays; 
(d) the d i g i t a l device R.U..D. I , t o indicate which side has been 
t r iggered and t o prepare the device f o r accepting information from the Momentum 
Selector. 
The spectrograph i s paralysed f o r a t least 1.5 ms. 
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( i i ) . The Momentum Selector and the t r a y steerage logic then apply a reset 
pulse to the electronic memories of the f l a s h tubes. This pulse is also a veto; 
as i t prevents the memories from being set during the time the pulse i s applied. 
The pulse i s applied terihgthe r i s i n g edge of the high voltage pulse to prevent 
the memories being t r iggered by noise. 
( i i i ) A f t e r a delay of 1.5 V-s, from the i n i t i a l coincidence pulse, the high 
voltage pulses are applied to the f l a s h tube trays i n the Red Side and to the 
Azimuth Trays; the tubes which have flashed are recorded by the electronic 
memories. A f t e r a f u r t h e r delay of 8.5 t^s, the Momentum Selector control uni t 
allows pulses to be fed from the logic on the Momentum Selector Trays to the 
Momentum Selector, ind ica t ing the posi t ion of the pa r t i c l e i n the trays. The 
Momentum Selector then analyses the event and decides whether i t i s possibly 
a 'high or low momentum event. R,U.D, I . also analyses the event i n conjunction 
w i t h the Momentum Selector and stores any resul t i n a 400 channel pulse height 
analyser.' The next sequence of events depends on whether the event i s classed 
as a low or high momentum event. 
( i v ) I f the event i s found by the Moment™ Selector to be a low momentum 
event then, a f t e r a time of 1 ms from the i n i t i a l coincidence pulse, pulses 
are fed from the reset uni t to the Momentum Selector control uni t and -tray 
- steerage logic to reset the electronic memories on the f l a sh tubes and to reset 
the c o n t r o l l i n g logic back to t h e i r normal o f f mode. A f t e r a fu r ther i n t e r v a l 
of 0.5 mSjthe automatic paralysis i s removed although there w i l l s t i l l be a 
paralysis on the t r iggered side. 
(v) I f a high momentum event i s found by the Momentum Selector, then a 
pulse i s f ed from the Momentum Selector to the reset un i t to set a f l i p - f l o p 
which applies a f u r t h e r paralysis to the apparatus. The Momentum Selector w i l l 
indicate whether the pa r t i c l e i s a high momentum event about 110 (as a f t e r the 
i n i t i a l three f o l d coincidence. The Momentum Selector also feeds a pulse v ia 
the t r ay steerage logic to the core store log ic indicat ing that information 
u 
i s required to be stored from the f l a s h tube trays. The core store logic 
then feeds in to the core store the d i g i t a l i n f o m a t i o n which accompanies every 
high momentum event - the event number, time and date of the event, the 
atmospheric pressure, the magnetic f i e l d d i r ec t ion , the magnet c o i l current, 
and the t r i g g e r mode. When t h i s has been stored, the d i g i t i s e d information 
of the f l a s h tubes which have discharged i n the Measuring Trays of the Red Side 
and the Azimuth Trays i s fed in to the core store. 
( v i ) When a l l the d i g i t i s e d information associated w i t h an event has been 
stored, the computer is interrupted.As'the computer is iiised:! by''the'Hrgk"J^^ 
Hjy.Siosi' ''gr&vep-t&r- cm-line 6Qntv<sl^ '6tCs&'axmijstg not-"l)'e -ready immediately 
to accept the readout of the core store in to the computer. The computer has 
been programmed, however, to accept an in te r rup t from the co'te store as soon as 
possible. The output states from the cor.e store are fed in to an intermediary 
in te r face i n to which are also fed the outputs from the scanning machines. Before 
passing in to the in te r face , the output l ines from the co»e store are r; f e d ' i n t o a 
logic l e v e l converter to produce output logic level voltages of+18 vol t s and 
0 vo l t s f o r logic levels of 1 and 0 respectively. These two voltages are the 
logic voltages f o r the in ter face . The event is then stored i n an allocated part 
of the computer core and transferred to a magnetic disc when the allocated 
part i s f u l l as explained i n § 6 . 8 . 
( v i i ) When the computer has stored the event, a pulse i s sent from the core 
store log ic to the-:.reset unit,"whichnremoves the!.paralysis from'the ' apparatus; 
The spectrograph'is'-then ready f o r the next event. 
The t o t a l rate of t r iggered events i s recorded by the 20 minute pr in te r . 
Mechanical counters record the t o t a l number of events and the number of high 
momenttmi events i n the three t r i gge r modes. 
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CHAPTER 4 
The Flash Tube D i g i t i s a t i o n Technique 
4 .1 Introduct ion 
The neon f l a sh tube was f i r s t introduced by Conversi and Gozzini (l955) 
and has subsequently been developed by various workers, f o r example,-
Oardener et al , . (1957) and Coxell and Wolfendale (1960), Basically the 
f l a s h tube is a soda glass tube f i l l e d wi th commercial neon gas and 
sealed w i t h a p l a i n f ron t at one end, which enables the tube to be easily 
photographed.- The f l a s h tube i s placed wi th other tubes between p a r a l l e l 
plate electrodes.. An array o f f l a sh tubes i s made by bui ld ing several layers 
of tubes w i t h electrodes between each layer or, i n some cases,- alternate 
layers. 
The f l a s h tubes can be made to f l a s h wi th the characteris t ic neon colour 
i f , a few microseconds a f t e r the t raversal of an ionis ing pa r t i c l e , a strong 
e lec t r i c pulse i s applied to the electrodes. The flashed tubes can then be 
recorded on f i l m . The pulse character is t ics depend on the f l a sh tube 
diameter and pressure of the gas but t y p i c a l values are a square pulse producing -
a peak f i e l d of 2,5 kV cm""^  and len.gth 3^3,. 
Ashton et a l . (l958) and Bu l l ' et a l , (1962) h^ve shown that the f l a sh tube 
can be used f o r locat ing the t r a j ec to ry of a pa r t i c le to an accuracy of less 
than one mi l l ime t re i f the f l a s h tubes are used i n special ly designed arrays. 
Consequently, f l a s h tubes have been used i n cosmic ray magnetic spectrographs 
to determine the pa r t i c l e t r a j e c t o r y by several workers. Several of these 
spectrographs have been mentioned i n Chapter 2 and are l i s t e d i n Tables 2 . 1 , 
2.2, and 2.3. 
Flash tubes have also been used i n a wide var ie ty of other cosmic ray 
experiments. These have included experiments on the structure of muons i n 
Extensive A i r Showers (Eamshaw et a l . ( I967) ) , the measurement of the muon 
burst spectrum (Ashton and Coates (1966)), and the invest igat ion of neutrino 
in teract ions deep underground C A C h a r et a l , (1965) and Reines (1967)). 
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I t can be seen from the types of experiments mentioned above that the 
f l a s h tube has shown over the years to beaversatile and re l iab le device. 
In most of these experiments the discharged f l ash tubes have been recorded 
photographically and the f i l m scanned w i t h the use of a suitable project ion 
system to reconstruct the event. However, as experiments 2iave become larger,-
the problems of photography and scanning have increased,, due to the increase 
i n rate through larger apparatus, or, i n f a c t , due t o d i f f i c u l t i e s i n 
photography because of the large size of the instrument. With the ready 
access t o computers, an obvious solution to these problems i s to d i g i t i s e the 
f l a sh tubes and read the experimental data d i r ec t l y in to a computer, which could 
be programmed t o analyse the event. 
Because of the high rate of par t i c les through M. A, R. S. , a d i g i t i s e d f l ash 
tube system i s an ideal solut ion since the dead time of the apparatus, which 
i s required when a photographic method i s used to enable the camera to be 
woimd on to the next frame, can be considerably reduced,. 
4.2 Pireliminary Invest igat ion 
The main requirement i n t h i s inves t igat ion was to produce a d i g i t i s i n g 
technique which was simple, r e l i a b l e , and cheap since i t would be required 
f o r about 5000 f l a s h tubes when used i n M..A..R, S.. The use of a neon bulb on 
the f r o n t of a f l a s h tube could possibly sa t i s fy these requirements as explained 
below. 
I t can be shown that adjacent f l a s h tubes can be set o f f by a flashed 
tube i f the outer w a l l of the tube i s not made opaque by black paint or plas t ic 
mater ia l . I t was thus thought that the neon bulb would respond i n a likewise 
manner, A small neon bulb was thus arranged i n f r o n t o f a f lash tube as shown 
i n f i g u r e 4 . 1 . The earthed copper cyl inder was used to shield the bulb from 
pickup when the high voltage pulse was applied. Figure 4.2 shows the c i r c u i t 
used w i t h the neon bulb. The voltage across the neon bulb was adjusted so 
that i t was two vo l t s below i t s s t r i k i n g voltage of 87 vo l t s . The -flash tube 
;<!— 6cm —* ;3cm • 
Electrodes Neon Flash Tube Neon 
1] Bulb 
Copper Cylinder 
Figure 4 .1 The Experii-nental Arrangement f o r the Preliminary 
Inves t iga t ion . 
I 2 0 v . 
+ 85v 
© Neon Bulb L ' M ^ I 
Noise Puis 
Fi.G;ure 4.2 The Ci rcu i t Used wi th the Neon Bulb and the 
^ Output Pulse obtained wi th R = 3.3kn and 
C = O.Oliif. 
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was of length 1 metre, f i l L e d w i t h commercial neon gas to a pressure of 60 cm 
of mercury, and had a mean i n t e r n a l diameter of 1.5 cm and mean external 
diameter of 1.75 cm. The high voltage pulse applied to the f l a sh tube was 
obtained by discharging a 0, I f i f , . capacitor charged to a potent ia l of 10 kV 
through a 100' ohm res is tor . The pulse was negative i n shape and had a peak 
height of "10 kV, giving an applied peak f i e l d of 5. 6 kV cm~"'',and had a t o t a l 
length of,'40tts. 
The high voltage pulse was applied to the f l a sh tube every three seconds., 
The f l a s h tube was a special tube i n the sense tha t i t flashed every t ime a 
pulse was applied.-. This i s probably due to radioactive contamination i n the 
glass or gas or due to impuri t ies on the glass surface producing a point 
discharge i n the gas and hence a f l a sh . I t was found that a pulse was 
obtained when the tube flashed which was s i g n i f i c a n t l y d i f f e r e n t from the noise 
pulse obtained when the tube did not f i r e . A t y p i c a l pulse obtained when- the 
tube f i r e d i s shown in f igure 4.2, The negative noise pulse was always present 
but the pos i t ive pulse was only obtained when the tube flashed,' This pulse 
was f o r values of the res is tor (R) of 3.3 kfZ and capacitor (G) of 0. 01(if shown 
i n f i gu re 4.2 w i t h the neon bulb arranged so that i t was i n contact w i t h the 
f r o n t of the tube. 
I t was wh i l s t carrying out tes ts on the e f f i c i e n c y of the system that i t 
was noticed that i f the f r o n t of the tube was blacked out the neon bulb s t i l l 
f lashed whenever the tube f i r e d . I t was also found that when an^  earthed 
aluminium disc was placed between the f l a s h tube and the neon bulb, no pulse 
was detected when the tube f i r e d . 
This suggested that there was an e l e c t r i c f i e l d e f fec t producing the 
discharge of the neon bulb and not , as was f i r s t thought, a photon e f fec t . 
I t was t h i s output e f f ec t from the f l a sh tube which was subsequently investigated. 
4.3. Further Invest igat ion 
For the inves t iga t ion the f l a s h tube was placed between pa ra l l e l plate 
electrodes as shown i n f igu re 4.3. The high voltage pulse was similar to that 
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used i n the preliminary investigation. 
A square screening plate of side 15cm was placed as shown i n figure 4 .3 , 
i t s purpose being to reduce the noise pulse detected by the probe. This noise 
pulse comprised a short burst of high frequency o s c i l l a t i o n lasting for about 
one microsecond, the magnitude of which was independent of whether or not 
the tube f i r e d . When the flash tube discharged,an additional pulse was 
detected on the probe having a character d i f f e r e n t from that of the noise„ 
I t was found that there was a time delay of about one microsecond between 
the application of the high voltage pulse and the output pulse being detected 
i f the tube flashed. 
The useful pulse detected by the probe was similar i n shape to the applied 
high voltage pulse. The form of the output pulse depends on the value of the 
probe resistance R i n figure 4-3. The parameters shown i n figure 4 .3 . had 
the values indicated i n Table 4.1 throughout the investigation unless otherwise 
stated. The resistance R i n Table 4.1 was the input impedance of the o s c i l l o -
scope probe., 
TABLE 4.1 
The Values of the Parameters shown i n Figure 4.3 
1-L . \ 1 t d .R_ 
2.5cni l„Ocm 1.25cm a 1cm (XTlcm lO^n 
The measured dependence of the pulse height on the length ( l ) and the 
diameter (d) of the probe are shown i n figure 4 ,4 f o r the distances l^and Ig"'"'^  figure 
2f.3 equal to3.5m.aM 1,5cm iresp,ectively.EigL^ show the variation of 
the output voltage on the probe diameter and length respectively. 
Figure 4 .5 shows the variation, of pulse height and length as a function 
of the probe resistance R i n figure 4.3 f o r the distance t i n figure 4.3 equal 
to zero. As may be seen from figure 4 .5 an output pulse of a desired length 
or height can be obtained by choosing a suitable value f o r the probe 
resistance. For a given pulse length the required pulse height can be obtained 
by tapping the required voltage across the probe resistance. 
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The f l u c t u a t i o n i n output voltage is shown i n figure 4,6 f o r 200 pulses. 
A possible cause of the histogram having a cut o f f at high voltage values i s 
discussed i n §4.4. The variation of output pulse with distance of the probe 
from the tube ( t ) i s shown i n figure 4.7 f o r 1^ equal to 2«5cni and f o r values 
of ±2 of Oi5cm and 1.5cm5 where 1^ and 1^ are the distances shown i n 
figure 4.3. 
A simple explanation of the detected pulse would be that i t was due to 
free electrons, which have been produced i n the discharge i n the flash tube, 
d i f f u s i n g i n t o the end of the tube beyond the electrodes.. The probe would 
then detect a voltage pulse due to the electronic charge density. A 
consequence of t h i s argument i s that the sign of the pulse detected by the 
probe w i l l be independent of the sign of the high voltage pulse since electrons 
w i l l diffuse irrespective of the sign of the high voltage pulse. 
However, i t was found that a positive pulse was detected when a positive 
high voltage pulse was applied across the tube. A delay l i n e pulse was also 
applied to the f l a s h tube. This was a square pulse of length 4ns.. I t was found 
that the output pulse was the same shape as the delay l i n e applied pulse when 
the output from the probe was fed d i r e c t l y into the oscilloscope. These 
effects suggest that the pulse detected by the probe i s caused by the effect 
of the main discharge i n the tube, which i s produced between the electrodes 
across the tube. The probe then picks up the main discharge through the glass 
surface by capacitive feed=-through. 
To investigate t h i s effect further, the voltage inside the flash tube at 
i t s end was measured. A flash tube was constructed with a piece of platinum 
wire of diameter 20 S.W. &. (.0.91mm) fixed i n the plane end of the tube so that 
one cm of the wire was inside the tube. The flash tube had a mean external 
diameter of 1.75cm and contained commercial neon gas at a pressure of 60cm 
of mercury. I t was placed between p a r a l l e l plate electrodes as shown i n 
figure 4.8(a) and pulsed randomly every three seconds.. The same high voltage 
pulse was used as i n the previous investigations. To ensure that the tube 
so 
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flashed nearly every time a small radioactive source was placed near to the 
flash tube. 
I t was found that there was a delay i n the a r r i v a l of a pulse at the 
probe which depended on the distance (L) of the probe from the electrodes. 
The pulse height (V) and time ( r ) required f o r the pulse to reach peak height 
from the st a r t of the high voltage pulse were measured with an oscilloscope 
f o r various values of the distance (L) of the end of the probe from the 
electrodes, where V, T, and L are shown i n figure 4 .8 . Figure 4 .8(b) shows 
the form of a t y p i c a l output pulse f o r an applied negative high voltage pulse. 
The probe resistance R i n figure 4 .8(a) was equal to the oscilloscope probe 
g 
impedance of 10 ohms. 
. The procedure was repeated using a high voltage positive pulse of the same 
peak height and length as the negative high voltage pulse. Figure 4.9 shows 
the vari a t i o n of V and ^  with L f o r an applied negative high voltage pulse 
and figure 4.10 shows the same variation but now f o r a positive applied pulse.. 
A comparison of figures 4. 9 . and 4.10 show that the same peak output pulse and 
delay i s obtained, with i n the experimental errors,, f o r both positive and 
negative applied high voltage pulses. The results of t h i s experiment are 
discussed i n § 4 . 4 . 
The pulse length of the output pulse, which i s equal to T i n figure 4 . 8(b), 
was found t o be constant over a l l values of L for both positive and negative 
high voltage pulses and was of value ^ I f i s . Similarly the t o t a l rise time of 
the pulse from zero to peak height was found to have a constant value of 0.3l-is. 
over a l l values of L f o r both positive and negative applied high voltage pulses. 
To investigate how the pulse obtained with the probe varied as a function 
of probe resistance R,- the pulse height and length were measured f o r various 
probe resistances f o r a fixed value of L of 1cm and using a negative applied 
high voltage pulse.. Figure 4 i H shows the variation i n pulse height and pulse 
length as a function of the probe resistance R<, 
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4.4 Discussion 
The results obtained w i t h a wire probe fixed i n the end of a tube show that 
an appreciable e l e c t r i c f i e l d i s produced at the end of the flash tube which 
i s not covered by the electrodes. This effect could be seen i n the flash tube 
as a v i s i b l e discharge to the probe end.- The discharge to the probe became 
stronger as the distance of the extruded part of the flash tube was reduced. 
This i s i n accordance with the results of figures 4.9 and 4.10 which show that 
the probe voltage increases as the probe i s moved closer to the e l e c t r o d e S o 
The discharge to the probe was independent of whether or not the probe was 
connected to the earth electrode. This i s because the probe,- as seen by the 
voltage i n the tube, i s e f f e c t i v e l y at earth potential. 
.So f a r the discharge i n the end of the tube not covered by the electrodes 
has only been studied w i t h the flash tube having a b u i l t i n probe. To see 
whether the effect was present i n a norma,l flash tube, an unpainted flash 
tube of the same size as the probe flash tube was placed between electrodes 
i n a s i m i l a r arrangement,- shown i n figure 4 . 8(a), to the probe flash tube 
wi t h L equal t o 15cm. The same negative high voltage pulse was applied as 
before and the tube was pulsed randomly every three seconds with a radioactive 
source close to the tube. 
When the tube flashed,, the discharge i n the tube between the electrodes 
was of the nonnal streamer type, as reported by Coxell et a l . (196I) . However, 
i n the region of the tube where no electrodes were present a diffused type of 
discharge was seen. I t was easily shown that the effect was due to a discharge 
i n the gas and not to l i g h t from the main discharge passing along the tube by 
touching the side of the glass wall. A discharge was seen to form i n the gas 
to the point, being touched.. I t was also noted that the discharge could be 
enhanced i f a metal cylinder, which may or may not be earthed, was placed over 
the protruding end of the flash tube. The discharge i n the tube covered by 
the cylinder was found to be greatly increased i n intensity.. This i s due to 
the cylinder effecting the e l e c t r i c f i e l d d irection and thus producing i n the 
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gas a strong discharge,- The effect is also present when the earth electrode was 
extended to cover the whole tube i n the nonnal manner, with the high voltage 
electrode not covering the 15cm at the end of the tube. Then a strong discharge 
was produced along the inside flash tube surface nearest to the electrode. 
The above results,, which were obtained i n a flash tube with no probe 
i n i t s end, show that a discharge i s s t i l l present i n the gas outside the 
main discharge region covered by the electrodes. One possible, though 
q u a l i t a t i v e , explanation of the effect i s that the gas outside the electrodes 
i s ionised by u l t r a v i o l e t photons produced i n the main discharge. The 
electrons thus produced by the photoionisation w i l l be effected by the ele c t r i c 
potential produced in the main discharge,, which w i l l result i n a potential 
being produced at the end of the tube by movement of the electrons. The 
positive ions produced in the photoionisation w i l l not move during the effect 
of the:-.main discharge because of t h e i r heavy mass compared to the electron. 
The f i e l d effecting the electrons i n the end of the tube not covered by the 
electrodes must be produced by the potential i n the main discharge because the 
f i e l d due to the edge effects of the electrodes, when a high voltage pulse i s 
applied, i s negligible. Recent calculations by Ashton et a l . ( i n the press) 
have shown that the applied high voltage pulse on the electrodes' produces an 
e l e c t r i c f i e l d of strength less than 0*. 005 ^^^ -^^ distances along the axis of a 
flash tube greater than 4cm from the e l e c t r o d e s , w h e r e i s the value of the 
e l e c t r i c f i e l d i n the unifrom region between the electrodes.- As the discharge 
i s seen f o r distances of the extruded tube greater than 10cm, the effect of the 
electrode f i e l d at those distances can be neglected. 
The effect of the main discharge potential, takes a f i n i t e time to pass 
down the extruded tube. This i s seen from the graphs shown i n figures 1^,9 and 
4.10 which shows the delay time f o r a pulse to be detected by the probe f o r 
positive and negative high voltage pulses respectively. The graphs are approx-
imately l i n e a r and on analysis of t h e i r gradients gives an approximate value 
of t h i s velocity wave of ~ 5 x 10^ cm sec.''' 
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The electrons produced by photoionisation at the end of the tube w i l l move 
under the effect of the potential of the main discharge, the direction of 
movement depending on the.sign of the applied high voltage pulse and during 
t h e i r motion produce the diffused discharge observed in, the volume by c o l l i s i o n 
with neon atoms. 
Any external probe w i l l pick up the discharge through the glass surface 
by capacitive feed-through. An interesting point to note i s that with an 
external probe a pulse length i s obtained f o r a high value of the probe 
impedance which i s longer than the applied high voltage pulse as can be seen 
from the graph of figure 4 .5 . This is due to the charge d i s t r i b u t i o n remaining 
at the tube end a f t e r the passage of the high voltage pulse. This effect i s 
not present with an in t e r n a l probe because the probe w i l l d i s t o r t the f i e l d 
inside the tube by producing a secondary discharge, as described above. 
The graphs of the variation of the peak output voltage with the distance 
of the i n t e r n a l probe from the electrodes f o r positive and negative high 
voltage pulses, which are plotted i n figures 4.10 and 4,9 respectively^show 
that the peak output voltage was never greater than half the applied voltage. 
This is an effect of the main discharge, which w i l l be such that there i s a 
very small potential difference across the tube during the discharge. The 
effect on an external probe w i l l result i n a maximum output voltage being 
detected by a probe. 
This explains the cut o f f observed i n the pulse height d i s t r i b u t i o n 
found when a probe was used on the outside of the tube to detect the pulse, as 
shown i n figure 4. 6. Smaller pulses than the maximum w i l l be caused by the 
j i t t e r i n the tube flashing. 
4.5 Design Considerations for Arrays using the Probe D-igitisation Method 
I f an array of fla s h tubes i s designed to use t h i s digitisationmebhod, 
then the in d i v i d u a l probes must be shielded to prevent pickup when a neighbouring 
tube f i r e s . A suitable form of shielding i s an earthed metal cylinder which 
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f i t s over the probe and part of the flash tube to completely shield the probe. 
The probe could be held centrally inside the tube cylinder using a cylinder of 
suitable i n s u l a t i n g material such as Perspex. I t is also desirable to use the 
probe against the front of a tube so that i t detects the highest possible 
output voltage. Any attenuation required can be obtained with a suitable 
r e s i s t o r , or resistors, connected to the probe. 
As the shield passes over part of the flash tube, the flash tube w i l l have 
to protrude s l i g h t l y from the electrodes t o prevent breakdown from the high, 
voltage electrodes to the shield. This distance also governs the peak height 
and delay of the pulse so the smallest distance of the end of the flash tube 
to the high voltage electrodes,which i s within the safety range, should be used. 
The use of cylinders as shields raises an obvious practical d i f f i c u l t y i n 
the method of support of the shields i n f r o n t of the t r a y so that the support 
holds the probes r i g i d against the front of the flash tubes. A solution to 
t h i s i s t o use a thick metal block into which are d r i l l e d holes of sufficient 
diameter to accomodate a flash tube. The probe i s held i n a Perspex cylinder 
which i s fix e d symmetrically inside the block. The front of the flash tube then 
f i t s i n the block against the prober 
The f l a s h tube could be positioned correctly i n an array by using similar, 
though less thick, plates at the front and back of the flash tube tray. These 
plates could be d r i l l e d at the same time as the probe shield using a special 
d r i l l i n g machine. This would thus save man power i n making further flash 
tube supports f o r any t r a y using t h i s d i g i t i s a t i o n method. 
This method of probe shield and flash tube supports was used on two 
prototype arrays f o r low and high pressure flash tubes as described in the 
following two sections, 
4..6 . -The Rrotot.vpe Array 
So f a r investigations on only a single flash tube have been carried out. 
I t was thus necessary to t r y an array of tubes to see whether the technique 
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would work s a t i s f a c t o r i l y on a l a rge scale. 
Consequently, a t r a y of f l a s h .tubes was cons t ruc ted as shown i n f i g u r e 4? 12, 
which shows a ' c ro s s - s ec t i ona l view o f the t r a y . The dis tances i n d i c a t e d i n 
f i g u r e 4 .12 are l i s t e d i n Table 4 . 2 , f o r t h e low pressure tubes. The t r a y 
cons i s ted o f f o u r l aye r s of one metre long tubes o f mean ex t e rna l diameter 
1 . 75cm. c o n t a i n i n g c o p n e r c i a l neon gas a t a pressure o f 60em o f mercury. There 
were f i f t e e n tubes per l a y e r w i t h a tube spacing o f 2cm i n each l aye r . The ear th 
screening p l a t e was replaced by a d u r a l s h i e l d o f th ickness 1-g- " ( 3 . 8lcm) i n t o 
which were d r i l l e d holes to accomodate the probes. The probes were 1" long 
6 B.A. brass countersunk screws w i t h washers on t h e i r heads, so t h a t the 
diameter o f t h e probe head was 0.71 cm. The probes were held i n Perspex 
c y l i n d e r s of l e n g t h 1.9cm i n s i d e the ho les , the c y l i n d e r s being f i x e d in s ide the 
holes by adhesive. The d u r a l b l o c k , as w e l l as s h i e l d i n g the probes from 
noise f rom the h igh vol tage pulse and pickup when a neighbouring tube f l a s h e s , 
a l so e n s u r e « i t h a t the probes f i t r i g i d l y against the f r o n t of each f l a s h tube, 
TABLE 4 . 2 
The 'Dimensions of t h e Prototype Flash Tube Arrays 
1-^ 1^ _ d _ F la sh Tube 
5.0cm 1.0cm l i 8 c m Low pressure 
1;. 5cm 1.5cm 0'„8cm High pressure 
Using the method discussed i n § 4 « 5 j the f l a s h tubes were he ld r i g i d and 
p a r a l l e l i n the t r a y by two ^/8" t h i c k p l a t e s o f brass , having the :same stagger 
as the holes f o r the probes, which were f i x e d a t the f r o n t and back of each 
t ray^ The f r o n t p l a t e then enabled t h e probe s h i e l d t o be removed i f r equ i r ed 
w i t h o u t moving the f l a s h tubes. 
The f l a s h tubes used i n the t r a y were covered by a tube o f black p l a s t i c 
m a t e r i a l t o prevent the f l a s h i n g o f adjacent tubes. This p l a s t i c cover ing was 
mm. 
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c l e a r l y seen t o be a disadvantage as i t cou ld e a s i l y b e - t o r n when the tubes-
were f e d through the holes i n the brass p la te s du r ing the f i l l i n g o f the t r a y 
i f extreme care was not taken. I t was thus concluded t h a t f l a s h tubes us ing 
t h i s method o f support and d i g i t i s a t i o n should be pa in ted b lack ins tead o f 
us ing the p l a s t i c covering^ 
The t r a y be ing d i g i t i s e d was placed between two f u r t h e r t r a y s o f f l a s h 
tubes as shown i n f i g u r e 4 . 1 3 . These t r a y s contained the same type o f f l a s h 
tube,as the s p e c i a l t r a y except t h a t the tubes were c losed packed i n the 
t r a y s and had no d i g i t i s a t i o n e lec t ron ics^ Two s c i n t i l l a t i o n counters were 
placed above and below the s tack. A.coincidence pulse between the two 
s c i n t i l l a t i o n counters was used t o t r i g g e r a p u l s i n g u n i t which app l i ed a 
h igh vo l t age pulse t o the f l a s h tube t r a y s . The pulse was of s i m i l a r form as 
t h a t used i n the i n v e s t i g a t i o n s w i t h a s ing le f l a s h tube and produced e f f i c i e n t 
t r a c k s i n the a r r a y . The event was photographed by a camera and f i g u r e 4 , 1 4 
shows a b lock diagram used i n the exper imental arrangement. 
The f l a s h tube t r a y to be d i g i t i s e d was f i r s t t e s t e d to examine the output 
pulse obta ined f rom a f l a s h tube when i t f i r e d . The "var ia t ion i n pulse height 
and l e n g t h as a f u n c t i o n o f the probe res is tance R i n f i g u r e 2*^ 12 i s shown 
i n f i g u r e 4.,15'> when the res i s tance i s connected t o ea r th . The res i s tance R 
which was f i n a l l y used'comprised two r e s i s t o r s i n se r ies so chosen t h a t the 
output pulse when-a t u b e . f l a s h e d was o f t o t a l l eng th about f o u r microseconds 
and peak he igh t f o u r t o f i v e v o l t s . The pulse .could then be used to t r i g g e r a 
s u i t a b l e memory comprised o f i n t e g r a t e d c i r c u i t b locks ; The values o f the • 
r e s i s t o r s chosen were 39^11 and 1. B.kH , the vo l tage produced across the 1, Bk i l 
r e s i s t o r was then taken as the output . The 1, BkTl r e s i s t o r s were f i x e d on a 
p r i n t e d c i r c u i t board i n f r o n t o f the t r a y and the 3 9 ^ r e s i s t o r s were placed 
between the probe and the board. An aluminium box was f i t t e d over the probe 
s h i e l d and p r i n t e d c i r c u i t board to reduce e l e c t r i c a l pickup. A t y p i c a l output 
pulse i s shown i n .Plate 5 s "the osc i l l o scope s e t t i n g being 2 v o l t s cm"'^ 
and 1 tis cm F igu re 4 . I 6 shows a his togram o f , t h e output pulse f o r 240 
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events when the output f rom the probe i s f e d d i r e c t l y i n t o an osc i l loscope o f 
i n p u t impedance lo"''ohm w i t h no output r e s i s t o r . 
The r e s u l t s descr ibed above were obtained f rom f l a s h tubes picked at 
random from the a r r a y . However, a l l the f l a s h tubes were t es ted when the two 
output r e s i s t o r s were-connected t o the probes. The output pulses were found 
t o be i n the r equ i r ed vol tage range f o r a l l the f l a s h tubes i n the a r ray . 
I t should be mentioned t h a t no d i r e c t comparison i s poss ib le between the 
r e s u l t s ob ta ined i n the - e a r l i e r i n v e s t i g a t i o n s and the -prototype a r ray r e s u l t s . 
This i s because the s h i e l d i n g o f the -probes i s d i f f e r e n t i n the two cases 
a l though the same form of h i g h vol tage pulse i s app l i ed t o the f l a s h tube-. 
A b lock diagram o f the d i g i t i s a t i o n e l e c t r o n i c s o f each f l a s h tube i s 
shown i n f i g u r e 4 . 1 7 . The ou tpu t f rom the probe r e s i s t o r s i s "connected to the 
i n p u t o f an e l e c t r o n i c memory composed o f i n t e g r a t e d c i r c u i t DTL nan'd gates. 
The output pulse f r o m the probe i s negat ive i n shape so the inpu t t o the 
memory i s h e l d i n t h e l o g i c a l 1 s t a t e by connect ing the 1,Bkfl r e s i s t o r to a 
vo l tage l e v e l o f +4 v o l t s as -shown i n f i g u r e 4 . 17 . The pulse f rom the f l a s h 
tube probe causes the i npu t l e v e l t o the memory t o swi t ch f rom a l o g i c a l 1 
t o a l o g i c a l Q s t a t e , ^thus causing the memory t o be set . The memory i s reset 
by the . ' cycl ing system momentari ly changing the reset l i n e f rom a l o g i c a l 1 s ta te 
t o a l o g i c a l 0 s t a t e . A more d e t a i l e d d e s c r i p t i o n o f the e l e c t r o n i c s used f o r 
the f l a s h tube memories i s g iven i n Chapters 5 and 6. 
For the t e s t t r a y , each f l a s h tube memory had an i n d i c a t o r bulb as shown 
i n f i g u r e 4 . 17 . The ,bulb was i n the on s ta te i f the memory had been changed 
f rom the normal o f f mode. The i n d i c a t o r bulbs are arranged so t h a t they 
c o u l d be photographed by the same camera ' recording the p a r t i c l e t r a c k i n the 
t r a y s . The f o r m o f the i n d i c a t o r bulb used i s described i n Appendix A. 
The f l a s h tube f r o n t s o f the d i g i t i s e d t r a y cou ld not be photographed 
because o f the probes, p r i n t e d c i r c u i t board, and s h i e l d over the f r o n t o f the 
t r a y . Hence the backs o f the f l a s h tubes were photographed us ing a system o f 
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m i r r o r s a t the back o f the t r a y . The photograph o f an event thus contained the 
f l a s h e d tubes f rom the th ree t r a y s toge ther w i t h the output f rom the d i g i t i s a t i o n 
memories, A t y p i c a l event i s shown i n Pla te 6 , The t r a y s and i n d i c a t o r 
bulbs are marked on the p l a t e . The ^image o f the backs o f the d i g i t i s e d t r a y 
are weak and show the i r r e g u l a r shape because the l i g h t i s viewed through the 
sea l ing n i p p l e at the end o f the t r a y . Each t r a y had t w o . o r more . f i d u c i a l 
bulbs which were used t o determine the f l a s h tubes which had f i r e d and the 
memories set when the events were scanned. 
An ana ly s i s o f the events showed t h a t e l e c t r o n i c record ing o f f l a s h tube 
i n f o r m a t i o n i s poss ib le u s ing a simple probe to detec t a pulse when the f l a s h 
tube f i r e d . 
•4,7 The High Pressure Neon F lash Tube 
The r e s u l t s so f a r descr ibed have been f o r tubes o f mean e x t e r n a l diameter 
1 .75 cm and pressure 60 cm o f mercury. An i n v e s t i g a t i o n was also c a r r i e d out 
on the smal l f l a s h tubes which have an e x t e r n a l diameter o f about 8 mm and • 
pressure 2 . 4 atmospheres. The p r o p e r t i e s o f these tubes have been described 
by Coxe l l and Wolfendale ( 1 9 6 0 ) . 
Flash tubes o f a s i m i l a r type are used i n M, A. R. S. i n the Measuring Trays , 
the o n l y ; d i f f e r e n c e being t h a t the tubes i n M,A. R.S. are two metres l ong 
compared w i t h the one metre l e n g t h i n a pro to type a r ray const ructed w i t h these 
tubes. The 'a r ray contained f o u r l aye r s o f tubes and was o f s i m i l a r form as 
the p ro to type a r r a y f o r the low pressure f l a s h tubes shown.in f i g u r e 4 , 1 2 , 
The dimensions shown i n f i g u r e 4 . 1 2 have the values l i s t e d i n Table 4 , 2 f o r the 
h i g h pressure tubes. 
The probes used were l " long 6 B.A. brass countersunk w i t h washers on 
t h e i r heads so t h a t the diameter o f the probe head was 0 . 71 cm. The probes were 
f i x e d i n s i d e the d u r a l s h i e l d i n a s i m i l a r manner to the probes f o r the la rge 
diameter f l a s h tubes. The pulse app l i ed t o the f l a s h tubes was a lso s i m i l a r 
i n form t o the pulse used f o r the la rge diameter tubes. S c i n t i l l a t i o n counters 
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were placed above and below the f l a s h tube t r a y and the h igh vol tage pulse was 
a p p l i e d t o the t r a y when a two f o l d coincidence pulse was obtained f rom the 
s c i n t i l l a t i o n counters . 
The v a r i a t i o n i n pulse he ight and l e n g t h as a f u n c t i o n o f the probe 
res i s t ance R i n f i g i x r e 4 ,12 i s shown i n f i g u r e 4.18 when the res is tance i s 
connected t o e a r t h . These r e s u l t s are f o r one f l a s h tube i n ' t h e a r r ay picked 
a t random, though severa l tubes were t e s t ed f o r the output pulse when the pulse 
was f e d d i r e c t l y i n t o an osc i l loscope probe o f impedance lO^ohms. The pulses 
examined i n t h i s way f rom several f l a s h tubes were found t o agree w i t h i n the 
exper imental e r r c r . A his togram o f the pulse height f rom a f l a s h - t u b e i s 
shown i n f i g u r e 4 . 1 9 f o r events when the probe i s connected d i r e c t l y i n t o an 
o sc i l l o scope o f impedance 10^ ohm. 
A d i r e c t comparison between the pulse shapes obtained f o r the low and 
h i g h pressure, tubes f o r the same value o f the res i s tance R i s not possible'. 
This a r i s e s f r o m the f a c t t h a t the d is tance o f the probe f o r the h igh pressure, 
tube i s on ly 1 .5 cm f rom the f l a s h tube e lec t rodes compared w i t h a dis tance o f 
5 cm f o r t h e probes i n the low pressure tubes. There w i l l a l so be some 
e f f e c t i n the pulse caused by t h e d i g i t i s a t i o n s h i e l d being nearer to the probe 
f o r the h i g h pressure tubes , as these have smal ler diameters , than f o r the low 
pressure tubes. 
The r e s u l t s .described above f o r the M g h pressure tubes show t h a t a 
pulse s u i t a b l e f o r the d i g i t i s a t i o n o f the f l a s h tube can be obtained from 
the hjigh pressure tubes i n a s i m i l a r manner to the low pressure tubes . This 
method i s used i n M.A. R.'S. as w i l l be explained i n Chapters 5 and 6 f o r both 
the low and h i g h pressure f l a s h tubes. 
4. 8 Previous Methods o f D i g i t i s a t i o n 
4 . 8 . 1 I n t r o d u c t i o n . 
Several methods o f o b t a i n i n g the i n f o i m a t i o n f rom neon f l a s h tubes o ther 
than , the n o m a l f i l m photography. have p r e v i o u s l y been developed. A b r i e f o u t l i n e 
o f t he methods used i s g iven below. 
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8.2 The Photomultiplier Method 
This method i s described by Coxell et a l . (1961). They discuss the 
p o s s i b i l i t y of usirii^-a photomultiplier to record the l i g h t output from an array 
of f l a sh tubes and hence to correlate t h i s output to the number of tubes which 
had flashed i n the array. This would save the need to photograph the f l a s h 
tubes, the only reicord req^uired would be the output pulse from a photomultiplier,-
The authors suggest that t h i s method has applications i n density spectrum work 
on extensive a i r showers. The l i g h t output from the photomultiplier 'can be 
cal ibrated i n terms of the number of flashed tubes i n an array. This output 
pulse can then be recorded photographically using an oscilloscope or recorded 
d i r e c t l y by,a pulse height analyser. 
The authors also suggest that the photomult ipl ier can be used as a pre-
selector of events. The- array is t r iggered .in the normal way a f t e r the passage 
of an extensive a i r shower and i f the pulse height i s greater than a pre-
determined value, i nd ica t ing on average that a cer ta in number o f tubes have 
f lashed, a camera shutter i s opened and the array tr iggered again. 
I f the time between pulses i s of the order.of milliseconds, the tubes 
which flashed on the f i r s t pulse have a high probab i l i ty of f lashing on the 
second pulse. They found f o r tubes of about 1.8 cm external diameter and pressure 
6G cm of mercury a 0,5 p robab i l i t y of a f t e r - f l a s h i n g i f the in te rva l between 
pulses i s 90 ms. For tubes of about 8 mm external, diameter and 2.3 atmospheres 
pressure the corresponding time was 30 ms. 
4,8.3 The Spark Tube 
Bacon and Nash (1965) reported the development of a system i n which the 
f l a s h tube contained scaled electrodes as shown in f igure 4.20. The tube 
i n t h e i r inves t iga t ion was 20 cm long and in t e rna l diameter 1 cm.- The electrodes 
were 1 mm wide copper s t r ips on a t h i n pa.x.olin card separated by 1 mm. A 
po ten t i a l d i f ference of about 3OO vol t s was applied t o the copper s t r ip s . When 
the tube flashed, a voltage pulse was obtained from the strip's due to breakdown 
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across the inside of the tube. 
They-found that occasionally spurious discharges occurred between the 
s t r ips but these were eliminated by the addit ion of a quehcing agent, i n t h i s 
case e thy l alcohol at a pressure of 3 cm of mercury was used. They obtained 
detectable pulses w i t h 83% e f f i c i ency . They a t t r ibu te t h i s e f f i c i ency of 
less than lOQ^o to the in t e rna l electrodes not be-ing p a r a l l e l . 
One advantage of the system i s that i t i s s t i l l possible to photograph 
the tubes through the p la in f r o n t i n the conventional way but. the increase 
. i n the cost of manufacturing the tube wi th a b u i l t i n electrode system cculd be 
• a disadvantage, 
4 .8.4 The Light Sensing Technique 
Reines (1967) and Crouch (1968 - private communication) have reported a 
technique which has been developed f o r use i n the South Afr ican Underground 
Neutrino Experiment, This large experiment is si tuated i n a gold mine near 
Johannesburg at a depth of 8800 m,w.,e. below the earth's surface. I t i s 
operated by groups from the Case I n s t i t u t e of Technology, Cleveland, U.S.A.; 
Univers i ty of Ca l i fo rn ia i n I r v i n e , U.S.A.; and the Universi ty of Witwatersrand, 
South A f r i c a , 
The experiment uses about 60,000 neon f l a sh tubes of length'2 metres, 
mean external diameter .1.75 cm, and pressure of 60 cm of mercury. Because 
of the large area covered by the tubes, photography i s made extremely d i f f i c u l t . 
A technique has been developed which records the tubes which have flashed 
e l ec t ron i ca l l y . The information i s then displayed on a hodoscope system which 
can- easily be photographed. 
The method of d i g i t i s i n g the f l a s h tube i s shown i n f igure 4.21. A 
cadmium seleriide c e l l i s placed i n f r o n t of each f l a s h tube and i s shielded 
from external l i g h t by the shrink tubing. The c e l l i s then connected via a. 
s i l i c o n control led r e c t i f i e r and associated electronics to a l i g h t bulb on the 
hodoscope system. 
When the f l a s h tube f i r e s , the l i g h t output from the tube i s detected by 
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the cadmium selenide c e l l as a change i s resistance o f the c e l l . This change i s 
detected by the s i l i c o n control led r e c t i f i e r , which consequently switches on 
a bulb which i s photographed. By scanning the events the tubes which have 
flashed can be dete.rmined, 
4.8i 5 The Vidicon System 
.Harrison and R i s t i n (1970) have"developed a system i n which a f l a s h tube 
array i s photographed by a vidicon camera. An i n t r i c a t e scanning procedure 
i s used to scan each row of f l a s h tube images on. the vidicon ptotocathode and 
the 'co-ordinates of the flashed tube are recorded i n terms of a standard 
scanning frequency. This information i s then punched on to paper tape which 
can then be fed i n to a computer, 
A disadvantage • of the system as -constructed i s the b u i l t i n re jec t ion 
procedure which rejeicts •the infoimat ion f o r an event i f three or more tubes 
•"flashed i n a layer of the array. The authors state^, however, :that a more 
complex selection system could allow a l l the tubes to be recorded. 
The technique i s being used on the new Nottingham Spectrograph which was 
b r i e f l y out l ined i n §2 .5 . 
4.9 Summary 
The invest igat ions which have been described above have shewn that a 
pulse, suitable f o r the d i g i t i s a t i o n of a f l a sh tube, can be obtained f o r both 
high and low pressure tubes. The method used i s simple, r e l i a b l e , and, above 
a l l , r e l a t i v e l y cheap. This last point i s not to be taken l i g h t l y , as the 
cost of any d i g i t i s a t i o n technique i s an important f ac to r i n the design considera-
t i o n when a large nuijiber of f l a s h tubes are used i n an experiment. 
The important design considerations f o r an array of f l a sh tubes using the . 
d i g i t i s a t i o n technique are summarised below. 
(^i). The .probes f o r each f l a s h tube must be shielded to prevent pickup 
from adjacent tubes, 
( i i ) The probe touches the f r o n t of the f l a s h tube as and i s as close as 
possible to . the f l a s h tube electrodes. 
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This last point ensures that the best possible output pulse i s obtained 
when the tube f i r e s . There i s , however, a lower l i m i t to the distance of the 
probe from the electrodes due to the possible e l e c t r i c a l breakdown between the 
high voltage electrode and the probe shield i f the distance i s small, 
( i i i ) An output pulse suitable f o r the t r igger ing of an electronic 
memory can be obtained by a suitable combination of probe resistance when 
"the tubes are used at a voltage which gives e f f i c i e n t .tracks i n the f l a sh tube 
array. 
I n t h i s case, the value of the resistance governs the length of the 
pulse and the pulse height required, i f i t i s less than the height obtained 
f o r the f u l l resistance, i s obtained by suitable tapping of the resistance, 
l^iv) The f l a s h tubes using t h i s te'chnique-should be painted black as the 
p las t ic covering used to cover each tube could easily be torn when the tubes 
are inserted . into t l ie array. 
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CHAPTER 5 
The Momentum Selector 
5.1 Int roduct ion 
A Momentum Selector has been incorporated i n the spectrograph design 
because of the high rate of low energy par t ic les traversing the apparatus. 
With the magnetic f i e l d at the running value of 16.3 kilogauss, the rate of 
pa r t i c les through each side of the spectrograph i s approximately 1110 hrr"*". 
Of these par t i c les about 15 h r . h a v e momenta i n excess of 100 GeV/c, The 
rate about 100 GeV/o has been calculated- from the spectrograph dimensions 
and the measured i n t eg ra l spectrum of Hayman and Wolfendale (1962). The 
Momentum Selector has thus been designed to eliminate t h i s low energy 
background and detect par t ic les which have momenta above about 200 GeV/c. 
These so cal led high momentum events are s i g n i f i e d by an output pulse from 
the Momentum Selector which i n i t i a t e s the readout of the information from each 
Measuring Tray on the t r iggered side in to the co-trfe store. 
The basic pr inc ip les of the Momentum Selector design are described ia t h i s 
chapter together w i t h the associated logic c i r c u i t s f o r the selection of high 
momentum events. Also described b r i e f l y i s the special device (R . U . D . I . ) 
which calculates the de f l ec t ion of the traversing pa r t i c l e from the information 
contained i n the Momentum Selector and stores the def lec t ion i n a 4OO channel 
pulse height analyser. 
5. 2 Pr inciple of the Momentum Selector 
The p r inc ip le of the"Momentum Selector i s to determine the posi t ion of 
the t r a j e c t o r y of a pa r t i c l e t raversing the spectrograph to a c e l l of width 5mra 
at three leve ls . This is achieved by the use of the Momentum Selector trays 
which are placed i n the spectrograph as shown i n f igure 3 . 1 . 
A scale diagram of the f l a s h tube pattern used i n the trays i s shown i n 
f i g u r e 5 . 1 . .The number of tubes per layer and the 5 mm c e l l divisions along 
the measuring l e v e l are also shown i n f igure 5 ,1 . The stagger of the tubes has 
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been chosen so that at least two tubes f l a s h on the traversal of a high 
momentum p a r t i c l e . The measuring l eve l i s along the central l i n e of row 3 f o r 
the reasons mentioned i n §5.8.2, 
The trays are d i g i t i s e d using the method described i n Chapter 4. I t is 
possible.j'by examining the combination of tubes which f l a s h a f t e r the t raversal 
of. a p a r t i c l e , t o locate the pos i t ion o f the p a r t i c l e . i n one of the 5 mm wide 
c e l l s , ' t h e r e being 152 ce l l s across the t r ay width. The c e l l through which 
the p a r t i c l e passed i n a t ray i s determined i n practice by feeding the output 
pulse from t h e - f l a s h tube probe- i n t o an electronic memory made from integrated 
c i r c u i t blocks. The outputs from the memories are then gated in to a fu r the r 
logic c i r c u i t which determines the p a r t i c l e c e l l . These c i r c u i t s are discussed 
i n §5.8. 
The t r a j e c t o r y of any pa r t i c l e t raversing the spectrograph i s thus known 
t o be i n three c e l l s , one at each measuring l e v e l . These ce l l s are recorded 
i n three s h i f t regis ters made from integrated c i r c u i t s as shown i n f igure 5.2. 
Each b i t of the s h i f t regis ters i s bas ica l ly an electronic memory and the 
information contained i n a b i t i s sh i f t ed to i t s neighbour on the applicat ion 
of a clock pulse. The s h i f t registers w i l l be discussed i n §5.9. 
A high momentum event i s defined as being when a s t raight l i n e can be 
constructed through the ce l l s i n the three trays through which the pa r t i c l e 
passed. That i s , i f the pa r t i c l e passed through c e l l number a at l eve l 5 and 
c e l l number c at l e v e l 1, then i t i s a high momentum event i f i t passed through 
c e l l number ^ ^ ^ at l e v e l 3 as shown i n f igu re 5.2. A correction i s made f o r 
the fac t that a t m e pa r t i c l e t r a j ec to ry may be i n an adjacent c e l l to the one 
al located by the Momentum Selector logic as explained i n §5.9. In practice a 
high momentum eveiit is determined by s h i f t i n g the information i n each s h i f t 
r eg is te r i n the d i r ec t ion shown i n f igure 5.2 and looking at a l l the possible 
three, f o l d coincidences which give a s t ra ight l i ne at the 76 t h . and 152 nd. 
b i t s of s h i f t regis ter B. The s h i f t i n g to the 76 t h . or 152 nd. b i t s of s h i f t 
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reg is te r B i s the reason f o r the extra 76 s h i f t regis ter b i t s i n s h i f t registers 
A and C. The s h i f t i n g process i s described f u l l y i n §5.9. 
The advantage of t h i s method i s that there i s no re jec t ion of- high momentum 
events due to accompanying par t ic les i n a t ray produced, f o r example, by an 
in te rac t ion i n one of the magnet blocks A or C, In f ac t a low momentum 
p a r t i c l e may be accepted as a high momentum event because of the presence of 
accompanying par t i c les . 
5.3 Other -Eorms of Momentum Selector 
The use of a momentum selector i n magnetic spectrographs i s not new. 
Several workers have incorporated momentum selectors i n t he i r spectrographs t o 
eliminate the low energy background. Holmes et a l . (1961) used three levels 
of Geiger counters to detect the pa r t i c l e t raversing the spectrograph. The 
de f lec t ion was calculated e lec t ron ica l ly by examining the G-eiger counters which 
the pa r t i c l e traversed at the three levels . I f the def lec t ion was less than a 
cer ta in value then three cloud chambers were tr iggered and the t r a j ec to ry could 
be determined to a greater accuracy than w i t h the G-eiger counters. A similar 
Geiger counter momentum selector has been used by Pak et a l . (1961) and Hayman 
and Wolfendale (1962) but f l a s h tube arrays were used as the secondary detectors. 
The new Yale--Brookhaven National Laboratory spectrograph (Kasha,- 1971, 
private communication) uses s c i n t i l l a t i o n counter hodoscopes at three levels 
i n the spectrograph. The electronics used wi th the hodoscope arrays only 
i n i t i a t e s the appl icat ion of a high voltage pulse to six opt ica l spark chambers, 
which are equally spaced on e i ther side of a so l i d i ron magnet, i f the def lec t ion 
of a pa r t i c l e i s less than a cer ta in value. This arrangement produces a-cut 
o f f i n momentum at about 28 GeV/c, the e f f i c i ency i n acceptance increasing 
wi th momentum so that i t i s un i ty at 200 GeV/c. 
The momentum selector i n M.A, R. S. i s the f i r s t to use f l a sh tubes i n a 
momentum selector system. The advantage of the system over the tjrpes 
described above i s that there i s no dead space at the measuring levels of the 
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momentum selector and hence no correct ion has to be made f o r the dead space. 
There i s also no re jec t ion of events due t o accompaniment which could result i n 
a bias i n the acceptance, of high momentim.particles.-Tf • s c in t i l l a t i on .counters had been 
used, although i t would have replaced the present system of s c i n t i l l a t i o n 
counters and Momentum Selector Trays by a single s c i n t i l l a t i o n counter hodoscope 
syst.em, there would have been the addi t ional cost of photomultipliers and 
associated electronics f o r the s c i n t i l l a t i o n counters. Alsc^ the cut o f f i n 
acceptance of high momentijm events would have been at a considerably smaller 
value of momentum because the width of the s c i n t i l l a t i o n counters would be 
larger than the c e l l width used w i t h the f l a s h tube t rays . 
5. 4. The Momentum Selector Trays 
The Momentum Selector f l a s h tubes are supported i n an outer framework made 
from l " X |-" b r igh t steel bar of overa l l size 283 cm x 84 cm x 12.7 cm. 
Steps of 1" X 1" X ^ " were machined at each end of the bars. The framework 
locates together i n the steps and i s secured by four 2 B.A. countersunk screws 
at each of the eight comers of the t ray. There are four layers of f l a sh tubes 
i n a t r a y w i t h aluminium electrodes of thickness 18 S.W.G. ( l.2 mm) placed 
between each layer. The electrodes are held i n pos i t ion by f i v e ^" wide Tufnol 
supports on each side of the t r ay , the supports are secured to the outer frame-
work by 4 B.A, countersunk screws. 
Figure 5.3 shows a diagram of the plan and side view of the t ray and 
f igu re 5.4 a cross-section of an electrode support. As may be seen from 
f igu re 5.4 there i s an overlap of'^" (6,4 mm) between adjacent electrodes. 
This ensures that the tubes at the edge of each row are i n a uniform f i e l d 
region. 
The tubes are held i n pos i t ion by two ^/8" t h ick brass plates f i x e d at the 
f ron t and back of each t ray in to which are d r i l l e d holes t o acoomnodate the 
f l a sh tubes. These brass plates are used because a d i g i t i s a t i o n shield i s 
required over the probes of each f l a s h tube as discussed i n Chapter 4. The 
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d i g i t i s a t i o n shield ismade frcm al^-^thick dural block, A description of the 
. manufacture of the 'brass supports and dura l . sh ie ld i s given i n §5.5. 
The brass support plates f o r the f l a s h tubes are secured to lengths of 
X | - " Tufnol bar along the two longer edges of the plate by s ix 4 B.A, 
countersunk screws along each edge. The Tufnol i s i t s e l f -fixed to the outer 
framework of the t r a y by two 4 B.A. countersunk screws at each comer. The 
f l a s h tube d i g i t i s a t i o n shield f i t s over the top of the f ron t plate and i s 
held, i n pos i t ion by six 2" long 4B.A. countersunk screws which screw in to the 
Tufnol bars, there being clearance holes i n the block and brass plate . S l i t s 
were cut out of the corners of the i D r a s s plates and the dural block so that 
there was a gap of at least V^" between the supports and shield and the outer 
framework. This i s to prevent e l e c t r i c a l contact between the common l i ne of 
the power supplies and the earth of the mains i n the laboratory. The outer 
framework of the t ray w i l l rest on metal r o l l e r s when the t r ay i s i n posit.ion 
i n the magnet. The r o l l e r s and the magnet are at earth potent ia l . The coimnon 
l i n e and earth are kept apart because of the earthing requirements of the 
1130 computer^ 
The trays were f i l l e d using the method described below. This method was 
used i n the f i l l i n g of both the Momentum Selector Trays and the Measuring Trays. 
The outer framework of the t r ay and the brass supports f o r the tubes were 
assembled near to the spectrograph w i t h the Tufnol supports f o r the electrodes 
f i x e d i n posi t ion on only one side of the t ray. The bottom electrode was 
then placed i n i t s correct pos i t ion i n the Tufnol supports. 
The bottom electrode i s supported at equal distances along i t s length by 
seven supports of f " x br igh t steel bar which f i t between the outer lengths 
of the framework, . Strips of Vs" Perspex were f i x e d by adhesive to the top of 
the bars t o prevent e l e c t r i c a l contact between the framework and the bottom 
electrode. These supports are required to prevent the bowing of the electrodes 
along t h e i r length caused by the weight of tubes i n the t ray. 
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The bottom layer was then f i l l e d w i t h f l a sh tubes. The f l a s h tubes had 
been tested previously f o r spurious f lash ing . The tubes were pulsed randomly 
at a rate of 1 pulse a second f o r 500 pulses. The pulse height was of s imi la r 
amplitude as that to be used on the t r ay when i n the spectrograph. Any tubes 
• which flashed continuously were rejected. This spurious rate was found to be 
less than 1%. The tubes were also tested wi th a Tesla c o i l to ensure that 
they had the character is t ic neon discharge and cleaned w i t h a duster before 
inse r t ing in to the t ray . The tubes were placed i n the t ray by inser t ing the 
tube i n the correct hole i n the back plate and pushing i t along the t ray t o 
the f r o n t . I f a tube was found to be d i f f i c u l t to inser t , due to the var ia t ion 
i n tube diameter, i t was removed. -
When the bottom layer of tubes had been f i l l e d , they were aligned 
p a r a l l e l . The tubes were not p a r a l l e l i n i t i a l l y because of t h e i r natural 
bowing e f f e c t . Thj.s bowing e f f ec t on the parq.llelism of the tubes was reduced 
to a minimum by ro ta t ing the tubes such that they a l l bow i n the same d i rec t ion , 
i n t h i s case the v e r t i c a l . A f t e r alignment the tubes were marked wi th a white 
paint spot at the back of the tube to indicate the correct posi t ion i n the t ray . 
The second electrode was placed on top of the tubes i n the bottom layer, 
care being taken tl iat i t did not disturb the layer of tubes. The second row 
was f i l l e d i n a s imilar manner to the f i r s t layer and so on f o r the rest of 
the layers. 
Interconnection of al ternate electrodes across which the high voltage pulse 
i s applied i s made using s t r ips of copper -g-" wide. The s t r ips are of the form 
shown i n f igure 5.5. They were f i x e d to the electrodes by 8 B.A; countersunk 
screws cut to the required length. They are positioned cent ra l ly on the side 
of the t r a y nearest to the sides of the spectrograph so that they can be easily 
accessible when the t ray i s i n posi t ion i n the spectrograph. 
When the t r ay had been f i l l e d , the remaining Tufnol electrode supports 
were, f i x e d i n pos i t ion . Small piece.s of wide Tufnol were then placed at the 
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four corners of the. t ray as shown i n f igure 5.3. S l i t s were machined i n the 
Tufno l to enable them to f i t between the T'Ufnol supports at the ends of the 
electrodes and the brass plates. They were used to prevent the electrodes 
from moving i n a d i r ec t ion p a r a l l e l to the f l a sh tube axis when the t r ay was 
placed i n posi t ion i n the spectrograph. The sides of the t ray were then 
covered by Vs" thd.ck sheets of Perspex held i n posi t ion by ^" 8 B,A, 
countersunk screws in to the sides of the outer framework. The Perspex sheets 
prevent dust from entering the t ray and also act as a safety shield f o r the 
high voltage electrodes. 
The high voltage pulse to the t ray is produced by the high voltage t r igger 
uni t f o r the given side^ which is described i n | 3 . 5 . The pulse i s fed t o the 
t r ay a long,co-axial cable, which i s connected to two brass connectors screwed 
to the inside of the Perspex sheet on the side nearest to the outside of the 
spectrograph when the tray I s i n posi t ion, A f u r t h e r co-axial cable passes 
along the inside of the Perspex side and i s soldered to the copper s t r ips 
j o i n i n g the electi-odes. 
Because o f the var ia t ion i n f l a s h tube diameters, the holes used i n the 
brass plates and probe shields of the Momentum Selector Trays varied from t r a y 
to t r ay . Two- hole diameters were used and these are l i s t e d i n Table 5.1 f o r the 
s ix Momentum Selector Trays. 
TABLE 5.1 
The Hole Diameters Used i n the Momentum Selector Tray Supports and Shield 
Level Blue Side Red Side 
1 17.75 17.75 
3 17.86 .••17.75 
5 17.86 17.75 
Measurements i n mm. 
The electronics f o r the Momentum Selector, whi'dh allboates; the-cell-.-. 
the p a r t i c l e traversed, f i t s i n the space at the f r o n t of the t ray between 
the probe shield and the outer framework. A detailed description of the 
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e l e c t r o n i c s i s g iven i n | 5.8.4. 
5.5 The Method of Cons t ruc t ion o f t h e . F l a s h Tube Supports and D i g i t i s a t i o n Sh ie ld 
The same bas ic method f o r the c o n s t r u c t i o n o f the supports and sh i e ld i s 
used f o r a l l the t r a y s i n the spectrograph. A d e s c r i p t i o n i s given f o r the 
c o n s t r u c t i o n o f the supports and s h i e l d f o r the Momentum Selec tor Trays but 
those f o r the Measuring and Azimuth Trays were made i n a s i m i l a r manner. 
Two p l a t e s o f t h i c k brass were cut to the approximate cor rec t size 
and were p laced on top of a 1-g-" t h i c k d u r a l b lock , which has also been cut-
t o the approximate s ize r e q u i r e d , on the machine bed o f a m i l l i n g machine. 
The m a t e r i a l s l i e on the bed of the machine i n the order t ha t they are f i t t e d 
on the t r a y , t h a t i s , the top brass p l a t e i s the support at the back o f the 
t r a y and the second brass p l a t e i s used on the f r o n t o f the t r a y . This ensures 
t h a t i f t he re i s any d r i l l i n g i r r e g u l a r i t y f o r any h o l e , the probe s h i e l d w i l l 
s t i l l f i t over t h e f l a s h tube f r o n t s when i t i s p laced i n p o s i t i o n . The brass 
and d u r a l were then m i l l e d t o the c o r r e c t s ize which f o r the Momentum Selector 
Trays i s 83.8 cm x 10.2 cm. A f t e r m i l l i n g to ' the c o r r e c t s i ze , the machine 
opera to r a l i g n e d a small centre d r i l l over the centre o f the f i r s t hole i n the 
top row. Th4.s hole centre i s g iven as a co -o rd ina te f rom the top l e f t hand 
corner o f the b lock and p l a t e arrangement when viewed from the f r o n t o f the 
machine. The hole: thus corresponds t o the f i r s t tube i n row Zf o f f i g u r e 5.1. 
The movement o f the m i l l i n g machine bed i s c o n t r o l l e d by an o p t i c a l 
arrangement, which use* two accu ra t e ly made met r i c r u l e s placed along the two 
d i r e c t i o n s o f mot ion o f the machine bed and viewed through two lens systems. 
The o r i g i n o f t h e co -o rd ina tes , the t o p l e f t hand corner o f the block and p l a t e 
arrangement, i s known i n terms o f the readings of the metr ic r u l e s . Thus, by 
adding the co-ord ina tes o f the f i r s t hole centre t o the readings o f the metr ic 
r u l e s , t he cent re d r i l l can be l oca t ed over the centre o f the f i r s t ho le . 
Using the o p t i c s on the machine the hole centre can be loca ted t o an. accuracy o f 
0. 01 mm. 
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A f t e r cen t re d r i l l i n g the f i r s t h o l e , the next hole centre was loca ted hy 
moving the machine bed the r e q u i r e d dis tance "between centres o f the holes , 
which i s 2 cm f o r the Momentum Se lec to r Trays. The second hole was centre 
d r i l l e d and the process repeated f o r a l l the holes i n the row. The machine 
operator noted the co -o rd ina te o f each hole i n terms of t h e reading o f the 
me t r i c r u l e s a f t e r t h e d r i l l i n g o f each ho l e . 
When a l l the holes had been centre d r i l l e d i n the row,the operator centred 
again on the f i r s t hole w i t h the a i d o f the known co-ordina tes f o r the ho le . 
A p i l o t d r i l l was used f o r a l l the holes i n the row and then the f i n a l d r i l l 
s ize was used. The p i l o t d r i l l s ize was chosen such t h a t a cut o f about 1 mm 
i s t aken o f f on bo th sides o f the hole by the f i n a l d r i l l . 
The cent re d r i l l was then used on the second row i n a s i m i l a r manner t o 
the method used on the f i r s t row. The process was repeated f o r the t h i r d and 
f o u r t h rows. 
As the hole size i s not the same f o r a l l the t r a y s , because of the v a r i a t i o n 
i n f l a s h tube diameters , the dis tance between the centre l i n e of the holes i n 
adjacent rows a l so v a r i e s . This d i s tance i s equal t o the hole diameter p lus 
the e l ec t rode thic^'mess o f 1.2 mm, 
5.6 The Method of A l l o c a t i o n o f a P a r t i c l e C e l l f rom the ? lash Tube Pa t te rn 
I t has been expla ined i n g 5.2 t h a t by observing the combination o f f l a s h 
tubes which f l a s h when a p a r t i c l e t raverses a Momentum Selector Tray, i t i s 
poss ib le t o place the path o f the p a r t i c l e i n a c e l l o f w i d t h 5 mm. 
For a h i g h momentum event the spectrograph w i l l accept p a r t i c l e s whose 
_o 
incoming angles ai'e w i t h i n 7 o f the v e r t i c a l when the angle i s measured i n 
the d e f l e c t i o n plane o f the spectrograph. Larger angles than 7° are poss ib le 
but these are low momentum p a r t i c l e s , which are d e f l e c t e d i n t o the magnet 
volume and t r i g g e r the s c i n t i l l a t i o n counters by the magnetic f i e l d . As the 
Momentum Se lec to r i s r e q u i r e d t o be 100^ e f f i c i e n t f o r these h igh momentum 
p a r t i c l e s , the f l a s h tube combinations set o f f by p a r t i c l e s whose t r a j e c t o r i e s 
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are w i t h i n 7° o f the v e r t i c a l were found f o r a tube spacing i n a Momentum 
Se lec to r Tray. Scale diagrams o f the f l a s h tube stagger were drawn and the 
combinations o f f l a s h tubes f o r a g iven c e l l produced by p a r t i c l e s t r a v e r s i n g 
the t r a y w i t h i n 7.5° o f the v e r t i c a l were found. The f l a s h tubes were assumed 
t o be 100^ e f f i c i e n t which i s found i n p r a c t i c e to be t r u e w i t h i n the experimental 
e r r o r . 
The combinat ions o f f l a s h tubes ,poss ib le f o r a g iven c e l l are shown i n 
Table 5.2, t he numbers o f the f l a s h tubes and c e l l s i n Table 5.2 correspond 
t o the f l a s h tube and c e l l numbers i n f i g u r e 5.1. As may be seen f rom Table 5.2 
the f l a s h tube p a t t e r n s f o r a c e l l are repeated every f o u r c e l l s which i s 
equal t o a tube spe.cing. 
TABLE 5.2 
The F lash Tube Combinations f o r the 5 rm Ce l l s 
C e l l Number F lash Tube Combinations f o r C e l l 
8 3,7,12,l6*5,12t3,7,12.;7,12;3,7,12,l7f7,12,l7; . 
9 3,12t3,8,12,l7;3,12,l7;3,7,12,l7l 
10 8,17;3,8,17;3,17; 
11 4,8,13,17*8,13,17;3,8,13,17,;3,8,13; 
12 4,8,13,17t4,13'i4,8,13;8,13;4,8,13,11^8,13,18; . 
13 4,13*4,9,13,18;4,13,18;4,8,13,18* 
These combinations have two poss ib le c e l l s . 
• • .i\ 
On examining the va r ious combinations o f f l a s h tubes i n Table 5?2, three" 
combinations i n a tube spacing can be produced by p a r t i c l e s passing through 
adjacent c e l l s . These combinations are marked w i t h an a s t e r i sk i n Table-5,2, 
The Momentum Se lec to r r e q u i r e s , i f pos s ib l e , on ly one c e l l t o be i n d i c a t e d 
a f t e r the passage of a s i ng l e p a r t i c l e th rough a Momentum Selector Tray. This 
enables the d i g i t a l device. R.U.D. I . t o accept the event f o r a n a l y s i s , as 
exp la ined i n §5.10, and also prevents a smal le r cut o f f i n momentum f o r p a r t i c l e s 
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se lec ted as h i g h momentum events by the Momentum Selec tor . The combinations 
o f f l a s h tubes g i v i n g two c e l l s were a l l o c a t e d t o one c e l l by examining the 
p r o b a b i l i t y o f the combinat ion be ing produced by p a r t i c l e s passing through the 
two c e l l s w i t h i n the angular range a l lowed by the spectrograph. The combination 
was then a l l o c a t e d t o the c e l l having the g r ea t e r p r o b a b i l i t y . 
On examining t] ie p r o b a b i l i t i e s , two combinations were found which had an 
equal chance o f be i i i g i n e i t h e r c e l l . The two c e l l s i n quest ion were the same 
f o r each combinat ion so one combination was placed i n one c e l l and the o ther 
combinat ion i n the remaining c e l l . The f l a s h tube combinations g i v i n g two 
c e l l s are l i s t e d i n Table 5«3 toge ther w i t h the p r o b a b i l i t i e s f o r each c e l l 
and the a l l o c a t e d c e l l . Table 5.4 l i s t s the combination of f l a s h tubes f o r 
a g iven c e l l a f t e r the r e a l l o c a t i o n . 
TABLE 5.3 
The F la sh Tube Combinations Having Two Possible Cel ls 
Flash Tube Combination C e l l Number P r o b a b i l i t y C e l l Number P r o b a b i l i t y ^ ^ " " ^ ^ ^ ^ ^ 
3,12 a 0.5 9- 0.5 9 
3,7,12,17 8 0.5 9 0.5 8 
4,8,13,17 11 -0 .6 12 -0.4 11 
TABLE 5.4 
The Flash Tube Combinations f o r the 5 mm Cel l s a f t e r Rea l loca t ion 
C e l l Number F lash Tube Coriibinatlore f o r C e l l 
8 3,7,12;7,12:3,7,12,17;7,12,17; 
9 3,12;3,:8,12,17;3,12,17; 
10 8,17;3,8,17;3,17; 
11 4,8,13,17;8,13,17;3,.8,13,17;3,8,13; 
12 4,8,13;8,13;4,8-,13,18;8,13,18;. 
13 4,13;4,9,13,18;4,13,18; 
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A check on the e f f i c i e n c y o f c o r r e c t c e l l de te rmina t ion can be obtained 
f o r va r ious incoming angles t o the t r a y . P a r a l l e l l i n e s were drawn a t a given 
angle t o the v e r t i c a l on scale diagrams o f the f l a s h tube p a t t e r n such t ha t 
the i n t e r c e p t s on the measuring l e v e l o f the t r a y were spaced 1 mm apar t i n 
r e a l space. From the tubes which a p a r t i c l e t raversed the a l l o c a t e d c e l l could 
be determined. 
Angles f rom 0° t o 8)° on e i t h e r side o f the v e r t i c a l were taken i n 2*^  steps. 
For a g iven angle a graph cou ld be p l o t t e d o f e r r o r i n l o c a t i o n against the 
p o s i t i o n o f the p a r t i c l e i n the measuring l e v e l . The e r r o r i n l o c a t i o n i s 
d e f i n e d as be ing equal to t h e t r u e p o s i t i o n o f the p a r t i c l e i n the measuring 
l e v e l minus the p o s i t i o n o f the c e l l mid p o i n t which i s a l l o c a t e d t o the 
p a r t i c l e , when the p o s i t i o n s are measured i n the d i r e c t i o n o f inc reas ing c e l l 
number. Thus a p a r t i c l e whose e r r o r i s w i t h i n + 2.5 mm i s a l l o c a t e d to t h e 
c o r r e c t c e l l . 
F igure 5.6 shows graphs o f the e r r o r i n l o c a t i o n o f the p a r t i c l e against 
0 0 
t r u e p o s i t i o n f o r a.ngles o f 0 and 4 on bo th sides o f the v e r t i c a l . The e.rrors 
f o r a g i v e n angle repeat every tube spacing due t o the symmetry o f the f l a s h 
tube p a t t e r n . The s ign o f the angle f o r the graphs i n f i g u r e 5-6 i n d i c a t e s 
the d i r e c t i o n o f t l i e incoming p a r t i c l e us ing the convent ion shown i n f i g u r e 5^7. 
For a g iven angle , the e f f i c i e n c y o f c o r r e c t c e l l a l l o c a t i o n can be d e f i n e d 
a,s the r a t i o o f the w i d t h of a tube spacing over which the p a r t i c l e i s i n the 
c o r r e c t c e l l t c the t o t a l w i d t h o f a tube spacing. The e f f i c i e n c y as a f u n c t i o n 
o f the angle o f the incoming p a r t i c l e t o the v e r t i c a l i s shown i n f i g u r e 5.8. 
The assymmetry i n e f f i c i e n c y f o r the same angle but f o r d i r e c t i o n s on opposite 
sides o f t h e v e r t i c a l i s caused by the f l a s h tube p a t t e r n . • The o v e r a l l e f f i c i e n c y 
0 0 
f o r c o r r e c t c e l l de t e rmina t ion over the angular range 0 t o 8 on both sides 
o f the v e r t i c a l i s found f rom the graph t o be 0.87. 
From the graphs o f the e r r o r s i n l o c a t i o n across a tube spacing a histogram 
0 0 
can be p l o t t e d of . t he e r ro r s f o r the angles between 0 and 8 on bo th s ides 
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o f the v e r t i c a l . 0?his histogram i s shown i n f i g u r e 5,9. The mean e r r o r f rom 
the his togram i s 0,.28 mm i f the s ign of the e r r o r i s taken i n t o acco\int, and 
1.49 nrni i f the s ign i s neglec ted . The standard d e v i a t i o n o f the d i s t r i b u t i o n 
i s 1.78 mm. I t can be seen f rom the his togram tha t the maximum e r r o r i s + 1 c e l l 
when the p a r t i c l e p o s i t i o n i s measured i n terms of c e l l w id ths . 
Other e r r o r s which cou ld a l t e r the c e l l a l l o c a t i o n , such as i n e f f i c i e n t 
f l a s h tubes, the bowing of the f l a s h tubes a long t h e i r lengths and the 
v a r i a t i o n o f the i n t e r n a l diameter o f a f l a s h tube along i t s l eng th are 
discussed i n g 5,7. 
5,7 Fac tors Governing the Correct C e l l Determinat ion 
The e f f i c i e n c i e s f o r the c o r r e c t c e l l de t e rmina t ion were measured above 
by assuming t h a t the wrong c e l l i s due on ly t o the b u i l t i n bias i n the 
e l e c t r o n i c s . However, there are severa l o ther f a c t o r s which w i l l e f f e c t 
i n c o r r e c t c e l l a l l o c a t i o n . These a re : 
( i ) I n e f f i c i e n t f l a s h tubes, 
( i i ) The bowd,ng o f the f l a s h tubes a long t h e i r l e n g t h and the v a r i a t i o n 
i n f l a s h tube i n t e r n a l diameter. 
( i i i ) I n t e r a c t i o n s i n the i r o n o f the magnet or more than one p a r t i c l e 
e n t e r i n g the spectrograph to g ive f u r t h e r p a r t i c l e s t r a v e r s i n g one or more 
Momentum Se lec to r Tray. 
The e f f e c t o f ( i ) on the wrong c e l l a l l o c a t i o n i s small as the t e s t s on 
the f l a s h tubes have shown t h a t t h e i r e f f i c i e n c y i s 100^ t o w i t h i n yfo. The 
e f f i c i e n c y measunsments f o r the f l a s h tubes are descr ibed i n |5..8.3. S i m i l a r l y 
the e f f e c t o f bowing tubes has been reduced to a minimum by arranging the 
bowing t o be i n the v e r t i c a l d i r e c t i o n when a t r a y was f i l l e d . The v a r i a t i o n 
i n the f l a s h tube i n t e r n a l diameter can a l so be inc luded i n the e f f e c t o f bowing 
o f tubes and any e f f e c t w i l l occur when the p a r t i c l e passes near to the edge 
o f a f l a s h tube . 
By examining the f l a s h tube p a t t e r n on a scale diagram i t i s poss ible 
t o see where any poss ib le edge e f f e c t s could occur. An edge e f f e c t i s the 
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case when the t r a c k o f a p a r t i c l e passed close t o the i n s i d e w a l l o f a f l a s h 
tube;, e i t h e r i n s i d e the gas or glass o f the w a l l . The tube could then f l a s h 
o r not depending on the e f f e c t o f ( i ) or ( i i ) above. An ana lys i s o f the 
poss ib le edge e f f e c t s i n a tube spacing show t h a t the p a r t i c l e w i l l be a l l o c a t e d 
t o i t s c o r r e c t c e l l or t o a ne ighbour ing c e l l . Allowance i s made f o r t h i s 
e f f e c t by the Momentum Se lec to r as expla ined ing'5.9. 
The e f f e c t o f more than one p a r t i c l e close together i n a t r a y i s 
d i f f i c u l t t o es t imate . I t w i l l c e r t a i n l y increase the chance o f the p a r t i c l e 
being accepted as a h i g h momentum event because the Momentum Selec tor w i l l 
accept a l l events w i t h a s t r a i g h t l i n e combination between the c e l l s a t the 
three l e v e l s . Several c e l l s w i l l be i n d i c a t e d by the l o g i c f o r the c e l l 
d e t e r m i n a t i o n , the number depending on the tubes which f l a shed . 
5.8 The Momentum Selec tor E l e c t r o n i c s f o r the C e l l A l l o c a t i o n 
5.8.1 I n t r o d u c t i o n 
The e l e c t r o n i c s f o r the c e l l a l l o c a t i o n i s contained i n f r o n t of each 
Momentum Se lec to r Tray. The f l a s h tube probes are connected to e l e c t r o n i c 
memories which are set by pulses f rom the probes. The memories are then gated 
i n t o the l o g i c t o determine the co r r ec t c e l l by a pulse f rom the Momentum Selec tor 
c o n t r o l l o g i c . A pulse i s then produced a t the output f rom the l o g i c c o r r e s -
ponding t o the c e l l which the p a r t i c l e t raversed . This output pulse i s f e d 
i n t o the Momentum Se lec to r which then determines, f rom the i n f o r m a t i o n obtained 
f rom the th ree Momentum Selector Trays on a s ide , whether the p a r t i c l e i s a 
h i g h momentum eveni;. The l o g i c f o r the Momentum Selec tor c i r c u i t s are made 
f rom TTL o i r e u i t b l o c k s . The e l e c t r o n i c c i r c u i t s f o r the c e l l de terminat ion are 
descr ibed below. 
5,.8.2 The Veto Requirements 
The c e l l t h r o u g h which a p a r t i c l e passed i n a Momentum Selec tor Tray i s 
determined by the use o f i n t e g r a t e d c i r c u i t l o g i c gates. However, i f the 
outputs o f each f l a s h tube memory are f e d i n t o only coincidence gates , several 
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o f the combinations w i l l i n d i c a t e t h a t more than one c e l l i n a measuring l e v e l 
i s t r ave r sed . For example, f r o m Table 5.4, f l a s h tubes 8, 13, and 17 f l a s h i n g 
would set o f f c e l l numbers 10 and 12, due t o the coincidence of f l a s h tubes 
8 and 17, and 8 and 13 r e s p e c t i v e l y , as w e l l as the c o r r e c t c e l l niomber 11. 
I t i s necessary t o e l im ina t e th-is e f f e c t f o r the reasons mentioned i n §5.6, 
Hence ve to l o g i c i s r equ i r ed to stop the a d d i t i o n a l c e l l s being i n d i c a t e d . 
To reduce the number o f l o g i c gates and veto c i r c u i t s r equ i red i n the 
e l e c t r o n i c s , the f l a s h tubes i n row 1 i n f i g u r e 5,1 are on ly used i f necessary. 
This w i l l occur , f(3r example, when on ly two f l a s h tubes f l a s h f o r a p a r t i c u l a r 
t r a c k and one o f these i s i n row 1. Table 5,5 l i s t s the f l a s h tube combination; 
f o r each c e l l i n a tube space when row 1 i s used on ly when r equ i r ed . The f l a s h 
tube number i n parentheses i n d i c a t e s the f l a s h tube i n row 1 which i s not used 
. f o r t h i s p a r t i c u l a r combinat ion. By comparing Table 5.5 w i t h Table 5.4 i t can 
be "seen t h a t s eve ra l f l a s h tube combinations which inc lude a f l a s h tube f rom • 
row 1 w i l l a l so i n d i c a t e the same c e l l i f the tube i n row 1 d i d not f l a s h . 
Thus a saving i n the l o g i c gates r equ i r ed i s obtained i f the f l a s h tubes i n row 
1 are not used i n these cases. 
TABLE 5.5 
The F lash Tube Combinations f o r the Ce l l s when Row 1 used only when necessary 
C e l l Number F l a sh Tube Combination f o r C e l l 
8 (3),7,12;(3),7,12,17; 
9 . 3,12;(3),8,12,17;3,12,17; 
10 (3),8,17;3,17; 
11 4,8,13,17;(3),8,13,17;3,8,13; 
• 12 (4),8,13;(4),8,13,18; 
13 4,13;(4),9,13,18;4,13,18; 
( ) This f l a s h tube i s not used i n coincidence w i t h 
the o ther f l a s h tubes i n the combination. 
The ve to requirements are shown i n Table 5.6 f o r a tube spacing. The 
number i n parentheses i n d i c a t e s a f l a s h tube which i s not inc luded i n the l o g i c 
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f o r t h a t combinat ion but may s t i l l f l a s h (see Table 5.5). The number i n 
brackets i s the c e l l number f o r the veto combination. The electronic c i r c u i t s 
f o r these ve to requirements are discussed i n §5.8''4. 
TABLE 5.6 , 
The Veto Requirements f o r a Tube Spacing 
C e l l o f F.i.ash Tube Combination Producing Veto F l a sh Tube 
Ctjmbination 
Requiring Veto 
3,12 
3,17 
~ 8,17 
8,13 
3,12,17 
Combination 
9 
10 
10 
12 
9 
3,7,12,16; [7] (3),7,12;[8j ; (3) ,7 ,12,17;[8 
(3),8,12,17;[9] 3,12,17; [9](3),8,13,17; [ i f 
(3),8,12,17;[9] 4,8,13,17;[11] (3),8,13,17; [ l l 
3 , 8 , 1 3 ; [ l l [ ( 3 ) , 8 , 1 3 , l 7 ; [ l l ] 4 , 8 , 1 3 , l 7 ; [ l l 
(3),7A2,17;[8] 
( ) This f l a s h tube i s noc used i n coincidence w i t h the 
o ther f l a s h tubes i n the combination. 
[ _ The c e l l number o f the Veto Combination. 
The use o f row 1 on ly when necessary expla ins why the measuring l e v e l f o r 
a Momentum Se lec to r Tray i s a l o r ^ row 3 as t h i s i s the c e n t r a l l i n e f o r the 
th ree rows o f tubes when row 1 i s excluded, 
5. 8,3 The D i g i t i s a t i o n System 
The d i g i t i s i n g system used on the Momentum Se lec to r Trays i s o f the 
same fo rm as t h a t used on the pro to type a r r a y descr ibed i n §4-6. Figure 5.10 
shows a c r o s s - s e c t i o n a l view of the probe s h i e l d w i t h the probes and other 
assoc ia ted equipment i n p o s i t i o n . The probes used are l " long 6 B,A. brass 
countersunk screws w i t h washers on t h e i r heads so t h a t the diameter o f the 
probe head i s 0 .71 cm. The probes are held symmetr ica l ly i n the sh i e ld by 
Perspex c y l i n d e r s o f l e n g t h 1,9 cm which are f i x e d i n the s h i e l d by f i l l i n g 
the remainder o f the hole above the probe w i t h A r a l d i t e adhesive. 
Connection i s made to the probe by a w i r e which i s soldered i n a small hole 
d r i l l e d i n the screw. The o the r end o f the w i r e i s connected t o a p r i n t e d 
c i r c u i t board which i s f i x e d 4 cm f rom the s h i e l d by 12 small Perspex cy l i nde r s 
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e q u a l l y spaced around t h e board. This board contains the probe res is tance 
o f va lue 2.7 k f i which i s used t o a t tenua te the pulse s u f f i c i e n t l y t o f eed i t 
i n t o the l o g i c gateis compris ing the e l e c t r o n i c memory. A f u r t h e r p r i n t e d 
c i r c u i t board i s a l so f i x e d 4 cm i n f r o n t o f t h i s board by Perspex c y l i n d e r s . 
This second board conta ins the e l e c t r o n i c memory and the ga t ing l o g i c f o r each 
f l a s h t ube . The form o f the memory c i r c u i t and ga t ing l o g i c i s described i n 
g5. 8,4. The l o g i c f o r the c e l l a l l o c a t i o n plag s i n t o edge connectors on the 
f r o n t o f the t r a y as descr ibed i n |5 . 8.4. 
The h i g h vo l t age pulse app l i ed t o the Momentum Selec tor f l a s h tubes i s 
obta ined by d i s c h a r g i n g a lumped parameter d e l a y . l i n e through a r e s i s t o r as 
exp la ined i n §3.5. The value of pulse he ight o f the h igh vol tage pulse used 
on. the f l a s h tubes was determined by measuring the l a y e r e f f i c i e n c y of the 
f l a s h tubes as a f u n c t i o n o f the pulse he ight f o r the minimiM delay between 
the passage o f the p a r t i c l e and the a p p l i c a t i o n of the h i g h vol tage pulse. 
F igure 5.11 shows a graph o f the v a r i a t i o n i n l a y e r e f f i c i e n c y as a f u n c t i o n 
o f t he a p p l i e d e l e c t r i c f i e l d f o r a delay o f 1.5 ns, us ing a value o f delay 
l i n e res i s tance equal t o i t s c h a r a c t e r i s t i c impedance o f 47 ohm. The app l ied 
f i e l d i s d e f i n e d as the peak pulse he ight d i v i d e d by the dis tance between 
e lec t rodes . Assuming a 100^ i n t e r n a l e f f i c i e n c y the l a y e r e f f i c i e n c y f o r the 
stagger of tubes used i n the Momentum Selec tor should be about 75 .^ As can be 
seen from the graph i n f i g u r e 5,11 the l a y e r e f f i c i e n c y i s 75^ w i t h i n the 
exper imental e r r o r so the tubes can be taken t o be 100^ e f f i c i e n t . 
A vo l t age pulse was chosen which was on the p la teau o f the l a y e r e f f i c i e n c y 
aga ins t vo l t age curve . This pulse produced a peak f i e l d o f 2.6 kV cm""'" and 
t o t a l l e n g t h 3 t^s. This was f o r a pulse o f peak height 4.5 k"V corresponding 
t o a vo l t age on the delay l i n e o f 10 k'V. This vo l t age pulse w i l l always be 
used on the t r a y s as any change i n the pulse w i l l r e s u l t i n a corresponding 
change i n the pulse used f o r the d i g i t i s a t i o n . I f the re i s a r educ t ion i n 
output v o l t a g e due t o a r educ t ion i n the a p p l i e d pulse , the output pulse f rom 
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the f l a s h tube probes may not be s u f f i c i e n t t o t r i g g e r the e l e c t r o n i c memory. 
The pulse obta ined f rom the f l a s h tube probe w i t h a probe res is tance o f 
2.7 k i l l s o f peak he ight 5 v o l t s and t o t a l l eng th 0.5 (is when the pulse i s f e d 
i n t o the e l e c t r o n i c memory. The 2.7 k l l r e s i s t o r i s connected t o the p o s i t i v e 
supply l i n e f o r the memories f o r the reason mentioned i n |5 . 8.4. The pulse 
obtained f o r the memory i npu t i s then s u f f i c i e n t t o set the memory. 
I t has a l r eady been mentioned i n |4.3 t h a t f o r an exponent ia l shaped pulse 
the re i s a^delay between the a p p l i c a t i o n o f the h i g h vol tage pulse and the 
output pulse on the probe. For the Momentum Selec tor , t h i s delay f o r the h igh 
vo l t age pulse c h a r a c t e r i s t i c s descr ibed above was about 2.5 (as a f t e r the s t a r t • 
o f the h i g h v o l t a g e pulse . 
This t ime d'elay enables a ve to t o be app l i ed t o the e l e c t r o n i c memory 
so t h a t i t i s not set by any pickup d u r i n g the a p p l i c a t i o n o f the h igh vol tage 
pulse . 
5.8.4. The E l e c t r o n i c C i r c u i t s 
The c i r c u i t s on the t r o y f r o n t s can be subdivided i n t o two sec t ions , 
the e lec t ron ic memory c i r c u i t s and the c i r c u i t t o determine the c e l l which the 
p a r t i c l e t raversed, , 
F igu re 5.12 shows the form o f the e l e c t r o n i c memory and ga t ing system 
used on the memory ou tpu t . The memory has two output s tates which are 
.complementary s t a tes o f each o ther . The memories are reset by a pulse f rom 
the Momentum Se l ec to r which i s f e d v i a c o - a x i a l cable and b u f f e r ^ t e s t o the 
rese t i n p u t s t o produce a negat ive pulse on the i n p u t s . The output s tates of 
the memory are then as shown i n f i g u r e 5.12. Each f l a s h tube t r a y has 6 b u f f e r 
gates which are connected to the 155 reset i n p u t s on each t r a y , there being 155 
f l a s h tubes i n a t r a y . B u f f e r gates are used as they are capable o f being 
connected t o a maximum of 30 gate i n p u t s compared t o the normal value of 10 f o r 
a nand gate. 
The probe res i s tance o f 2.7 k i l i s connected t o the p o s i t i v e supply l i n e to 
the gates so t ha t the inpu t t o the gate i s he ld i n the l o g i c a l 1 s ta te . A 
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nega»tive pulse from the probe sets the memory so t h a t the output l e v e l s shown 
i n f i g u r e 5.12 i l i p over. The output pulse t o the c e l l determination l o g i c 
i s obtained by a p o s i t i v e pulse of l e n g t h 1 [is on the blocking gate which i s 
produced by the Momentum Selector v i a b u f f e r gates on each t r a y . A negative 
pulse of l e n g t h 1 \is i s then fed t o the l o g i c only on those memories which 
have changed. The c i r c u i t c o n t r o l l i n g the memory reset and gating pulse i s 
discussed i n §5.9 
The blocks c o n t a i n i n g the- l o g i c gates f o r the memories and g a t i n g system 
are mounted on a p r i n t e d c i r c u i t board i n f r o n t of t h e t r a y as shown i n 
f i g u r e 5.10. The blocks are so arranged on the board t h a t they can e a s i l y be 
removed i f they are f a u l t y . This i s achieved by p l a c i n g the blocks on the side 
of the bo^rd nearest t o the. outer t r a y framework and soldering the pins of the 
block on t o the copper s t r i p s of the board on t h a t side. Interconnection 
between blocks i s made by using minature stranded wire. 
The i n p u t s t o the memories are from the f i r s t p r i n t e d c i r c u i t board i n 
f r o n t of t h e probe s h i e l d shown i n f i g u r e 5.10. The outputs t o the board are 
fe d t o the l o g i c f o r c e l l determination v i a edge ccnnector inputs as described 
below.-
The c i r c u i t f o r the l o g i c t o determine the c e l l through which a p a r t i c l e 
passed i s shown i n f i g u r e 5.13. For comparison purposes, the numbers of the 
f l a s h tubes-and c e l l s i n f i g u r e 5.13 are the. same as. those i n f i g u r e 5.1. 
The c i r c u i t i s repeated every tube space, which i s equal t o four c e l l s , across 
the t r a y . The l o g i c l e v e l s when the gates are i n the o f f mode are also shown 
i n f i g a r e 5.13. 
The pulse obtained from the f l a s h tube gating l o g i c i s negative i n shape 
and i s of l e n g t h 1 tis.. A f t e r input t o a board, the pulse i s i n v e r t e d and fed 
i n t o the coincidence nand gates which determine the c e l l the p a r t i c l e traversed. 
, The output from these gates e i t h e r pass d i r e c t l y t o the c e l l output gate or, 
i f a possible veto may occur, i n t o a delay unit.. 
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The purpose of the delay u n i t i s . t o delay the pulse by about 0,85 t-ts 
during which time a possible veto pulse w i l l have been produced.-. The c i r c u i t 
f o r the delay u n i t i s shown i n f i g u r e 5.14, which also shows the l o g i c l e v e l s 
i n the o f f mode. The delay i s obtained by d i f f e r e n t i a t i n g the. output pulse 
from the f i r s t gate i n the delay u n i t by means- of the capacitor and input 
impedance o f the gate and r e s i s t o r . The f i n a l gate i s t r i g g e r e d by the negative 
edge of the d i f f e r e n t i a t e d pulse,. The output pulse i s of length 0.15 Hs 
delayed by about 0.'85 |-is. This delay u n i t has been incorporated i n the l o g i c 
as a precaution i n case of some delay i n the veto c i r c u i t which would cause a 
pulse t o be sent from the l o g i c from an i n c o r r e c t c e l l as w e l l as the correct 
c e l l . 
The output from the delay u n i t i s connected t o an input of a coincidence 
gate. The other i n p u t s t o the gate are the veto inputs. These veto inputs 
are normally a t a l o g i c a l 1 s t a t e . I f a veto i s r e q u i r e d then the corresponding 
veto i n p u t change.s t o a l o g i c a l 0 s t a t e f o r 5 l^s.. Thus when the delayed 
p o s i t i v e pulse i s produced the l o g i c a l 0 on the veto i n p u t prevents the output 
of the gate from changing. The veto pulse i s produced by a monostable, or pulse 
shaper, whose c i r c u i t i s described i n Appendix A,. 
The outputs from the coincidence gates f o r a given c e l l are connected t o 
the i n p u t s of a b u f f e r gate. There i s thus one b u f f e r gate- f o r each c e l l and 
the output pulses from these gates pass i n t o the Momentum Selector as described 
below. The l e n g t h of the output pulses from.the gates depends on whether the 
f l a s h tube combination f o r the c e l l has t o be vetoed. I f a veto may occur 
f o r the combination then t h e output pulse i s of length about 0.15 l^s, otherwise 
i t i s of l e n g t h 1 (is.. 
The c i r c u i t s are b u i l t on p r i n t e d c i r c u i t boards. Each board contains 
the l o g i c r e q u i r e d f o r 20 c e l l s a,nd there are 80 i n t e g r a t e d c i r c u i t blocks 
mounted on a board. As there are a t o t a l of 152 c e l l s the l o g i c r e q u i r e d i s 
thus contained, on 8 boards. The boards are assembled together i n p a i r s as 
described below. 
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The blocks on each board were soldered on t o i n d i v i d u a l bases. I n t e r -
connection between blocks was made by miniature w i r e which i s on the other 
side of the board, the w i r e being soldered t o the block base a f t e r passing 
through a small hole d r i l l e d f o r t h i s purpose i n the bases. As the w i r e i s 
on the back of the board, there are no blocks i n the way. and the w i r e can pass 
from block t o block i n a s t r a i g h t l i n e , thus making a saving on the wire used.-
The i n p u t s t o each board from the f l a s h tube gating l o g i c are through a 
p i n type edge comaector s t r i p which i s f i x e d by adhesive i n a Perspex s t r i p o f 
wi d t h 3.2 cm as shown i n f i g u r e 5.10, 
The Perspex s t r i p also holds the p a i r of boards a f i x e d distance apart,-
Two diameter Perspex c y l i n d e r s of the same width- as the s t r i p are f i x e d at 
the two corners'at the opposite end of the boards.. The boards are then 
secured i n the framework by screws i n t o the Perspex. The arrangement f o r two 
boards j o i n e d i n t h i s way i s shown i n f i g u r e 5.10. The edge connector also 
contains the i n p u t s and outputs t o adjacent boards f o r the continuation of the 
l o g i c between boards, and t h e power i n p u t . 
The outputs from the b u f f e r gates f o r each c e l l i n a t r a y pass down 12 way 
i n d i v i d u a l l y screened cable t o the Momentum Selector, which i s s i t u a t e d i n a 
rack near t o the spectrograph and i s shown i n Plate- 2. To ensure t h a t a l l the 
12 cables i n the multii-oore cable are used, thus reducing the amount of cable 
re q u i r e d , the outputs from the boards are arranged i n groups of twelve.- As 
thei'e are f o r t y outputs from each p a i r of boards, excluding the l a s t p a i r in' a 
t r a y , the remainder of the wires,, a f t e r d i v i d i n g i n t o groups of twelve, are 
passed t o the adjacent p a i r o f boards through a small length of multi-cor.e 
cable.: Figure -5.15 shows the arrangement f o r the boards i n a t r a y . The cables 
are connected, t o t h e t r a y through a 15 way plug on each cable which mates i n t o 
a 15 way socket, f i x e d on the ends of the p a i r of boards on the side opposite t o 
the edge connector,. 
The use of edge connectors and sockets on the boards i n t h i s way enables a, 
f a u l t y board t o be removed from the t r a y and repaired. I t also allows t h e 
82 
boards t o be p e r i o d i c a l l y removed f o r checking w i t h the t e s t c i r c u i t described 
i n §5.8.5.-
The boards plug i n t o the corresponding mate f o r the edge connector on 
the boards..- These edge connectors are contained i n a s t r i p of Perspex i n a 
s i m i l a r way t o the edge connector on the boards and .are f i x e d by adhesive 
i n the s l i t . . The Perspex s t r i p i s 77 cm long and contains four edge connectors.: 
5 / " 
I t i s held i n f r o n t of the t r a y by a framework of /l6 . square s t e e l bar 
which i s f i x e d t c the d i g i t i s a t i o n shield^as shown i n f i g u r e 5.10, i n f r o n t of the 
s h i e l d . The outputs from the g a t i n g l o g i c on the f l a s h tube memories are 
connected t o t h e corresponding i n p u t on the edge connectors.. 
The s t e e l he-v framework also supports the boards when they are connected 
t o the edge connectors on the t r a y along the end of the boards opposite t o the 
inputs. This prevents s t r a i n and possible damage t o the edge connectors.. 
5.8.5 The Test C i r c u i t f o r the C e l l A l l o c a t i o n Logic 
The t e s t c i r c u i t f o r the boards which a l l o c a t e a c e l l i n each Momentum 
Selector t r a y t o a p a r t i c l e t r a v e r s i n g t h e spectrograph i s shown i n f i g u r e 5.16. 
The c i r c u i t i s designed t o t e s t a u n i t of two c i r c u i t boards join e d together as 
described i n g:5.8.4. For the purpose of t h i s sub-section a board w i l l be taken 
t o i m ply the two board u n i t . 
The p r i n c i p l e of the c i r c u i t i s t o feed known f l a s h tube combinations i n t o 
the boards under t e s t and t o check t h a t the c o r r e c t c e l l i s i n d i c a t e d . Each 
input t o the board i s c o n t r o l l e d by a switch sitioated on the f r o n t panel of the 
chassis c o n t a i n i n g the electronics..; These in p u t s correspond t o the f o r t y 
f l a s h tube i n p u t s t o a board, three i n p u t s from the next board i n sequence 
across the tmj., and three i n p u t s from the previous board. The s i x in p u t s from 
other boards are a consequence of the l o g i c c i r c u i t s continuing across a tube 
space,-
The i n p u t pulses t o the board under t e s t are pulses of the same length as 
those which w i l l -occur when the board i s connected i n a t r a y . These inputs can 
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be- of two forms: a single pulse t o an i n p u t t.o the board whose switch i s on, 
whenever a s i n g l e cycle button i s pressed, or a series of pulses of the same 
le n g t h as the s i n g l e shot pulse but now a t a frequency of 32 kHz, These l a t t e r 
pulses are u s e f u l f o r f a u l t f i n d i n g i n the board... The single shot pulse i s 
obtained by t r i g g e r i n g a monostable by a push button on the f r o n t panel of the 
chassis.. The series of pulse outputs i s obtained by a m u l t i v i b r a t o r running at 
a frequency o f 32 kHz Which i s connected t o a monostable.. The monostable 
output i s then gated t o the i n p u t s t o the board by a switch mounted on the f r o n t 
panel of the chassis. The monostable and m u l t i v i b r a t o r c i r c u i t s are described 
i n Appendix A. 
The outputs from the board w i l l normally be a s i n g l e pulse from the c e l l 
which the p a r t i c l e traversed^ To indicate- the outputs which produce a pulse, 
each output i s connected to a f l i p - f l o p which changes state on the a p p l i c a t i o n 
o f a pulse from the board.- The output from each f l i p - f l o p i s connected to an 
i n d i c a t o r b t i l b which thus shows i f an output pulse has been obtained.. The 
outputs from a board correspond t o the f o r t y outputs from the c e l l s on the 
board, three outputs t o the next board i n the sequence^and three outputs t o the 
previous board. 
The board i s t e s t e d by connecting i t t o the t e s t c i r c u i t and feeding i n 
a l l the possible f l a s h tube combinations which set off a c e l l and checking t o see 
t h a t the c o r r e c t c e l l i s i n d i c a t e d . This process i s repeated f o r a l l the c e l l s 
on a board. 
The boards can then be t e s t e d p e r i o d i c a l l y using the t e s t , c i r c u i t or when 
any f a u l t i s n o t i c e d i n the outputs from the Momentum Selector Trays t o the 
Moment'um Selector. 
5.9 The Momentum Selector E l e c t r o n i c C i r c u i t s 
The c i r c u i t f o r the Momentum Selector s h i f t r e g i s t e r s i s shown i n 
•figure 5.-17. Only one s h i f t r e g i s t e r i s used f o r each o f the three l e v e l s 
so the i n p u t s from the corresponding c e l l s on opposite sides of the spectrograph 
are f e d i n t o the same s h i f t r e g i s t e r by the use o f l o g i c gates on the i n p u t 
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t o each s h i f t r e g i s t e r , b i t . . The s h i f t r e g i s t e r s are made from Mullard i n t e g r a t e d 
c i r c u i t blocks tyji e E'JJ131. This type of l o g i c c i r c u i t i s described i n 
Appendix A. 
To take account of the c e l l a l l o c a t e d being out by +1 c e l l , which i s 
mainly due t o wrong c e l l a l l o c a t i o n i n the l o g i c caused by the bias b u i l t i n t o 
the system as described i n §5.-6, the outputs of adjacent b i t s i n s h i f t r e g i s t e r s 
A and C are mixed using a three input nand gate.. The r e s u l t a n t output i s taken 
as the output f o r the middle s h i f t r e g i s t e r b i t o f the three.; 
The informat.Lon i n each s h i f t r e g i s t e r b i t can be s h i f t e d i n t o i t s neighbour 
i n the d i r e c t i o n shown i n f i g u r e 5.17 on the a p p l i c a t i o n of a clock pulse from 
the s h i f t r e g i s t e r c o n t r o l u n i t described below. The d i r e c t i o n of the s h i f t 
pulse i s such t h a t when i t i s converted t o a s h i f t d i r e c t i o n i n a Momentum 
Selector Tray the d i r e c t i o n i s always towards the centre of the magnet. The 
reason f o r t h i s assymmetry i s t o f a c i l i t a t e the a n a l y s i s of events using the 
s p e c i a l device R.U. I I . I . : I t should be pointed out t h a t the s h i f t d i r e c t i o n w i l l 
have no e f f e c t on the s e l e c t i o n o f high momentum particles.- Figure 5.18 shows 
the c e l l numbers f o r the Momentum Selector Trays i n the spectrograph when 
viewed from the f r o n t of the trays.- The. corresponding c e l l numbers on both 
sides are mixed i n t o ' the same s h i f t r e g i s t e r b i t as shown i n f i g u r e 5.17. 
A high momentum event i s defined i n §5.2 as being when a s t r a i g h t l i n e 
e x i s t s between th= c e l l s set o f f by the p a r t i c l e a t the three measuring l e v e l s . 
This i s achieved i n p r a c t i c e by s h i f t i n g the c e l l s i n the d i r e c t i o n shown i n 
f i g u r e 5.17 and l o o k i n g a t a l l the possible s t r a i g h t l i n e s which pass through 
s h i f t r e g i s t e r b i t numbers- 76 and 152 o f s h i f t r e g i s t e r B. The s t r a i g h t l i n e s 
are found by the use of three i n p u t nand gates, there being 151 possible s t r a i g h t 
l i n e s at both s h i f t r e g i s t e r B b i t numbers 76 and 152. 
The e x t r a b i t s i n s h i f t r e g i s t e r s A and C are necessary t o allow f o r a 
st'raight l i n e t o pass out of e i t h e r A or C s h i f t r e g i s t e r b i t number 152 before 
the c e l l i n B reaches b i t number 152. There are 76 e x t r a s h i f t r e g i s t e r b i t s 
i n b oth s h i f t r e g i s t e r s A and C t o allow f o r t h i s p o s s i b i l i t y . 
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The outputs from the three input nand gates are mixed so t h a t a f l i p - f l o p 
on the- output from t h e mixer c i r c u i t changes state when a s t r a i g h t l i n e i s 
found.; The circuiLt diagram f o r the mixing c i r c u i t i s shown i n f i g u r e 5.19. 
To prevent the, presence, of a high momentum event being i n d i c a t e d a t a v a r i a b l e 
time from the mixer c i r c u i t , the f l i p - f l o p output i s gated by a scaler which 
counts 90 clock pulses. A f t e r 90 clock pulses, a pulse i s fed t o the. veto gate 
and a possible output pulse allowed which t r i g g e r s a monostable as- shown i n 
f i g u r e 5.-.I9. The clock pulses are not stopped u n t i l a reset pulse i s 
received from the reset unit.. Hence output pulses from the u n i t are vetoed 
by a f l i p r f l o p which i s t r i g g e r e d by the output pulse.-. 
The h i g h momentum output pulse i s fed t o the reset u n i t t o apply a p a r a l y s i s 
to.the apparatus and t o the t r a y steerage l o g i c t o i n i t i a t e - t h e core store 
read i n of the i n f o r m a t i o n i n the Measuring Trays i n the t r i g g e r e d side and the 
Azimuth Trays. 
The. e l e c t r o n i c memory r e s e t s , the ga t i n g l o g i c on the memories,, and the 
Momentum Selector s h i f t r e g i s t e r c o n t r o l u n i t , are a l l c o n t r o l l e d by pulses 
from the coincidence and r e s e t u n i t s which are fed i n t o a c o n t r o l unit.. The 
c i r c u i t for, the c o n t r o l u n i t i s shown i n f i g u r e 5.-20. 
There are two i n p u t s t o the c o n t r o l u n i t from the main coincidence u n i t 
t o i n d i c a t e which side has been t r i g g e r e d . A corresponding f l i p - f l o p i s set 
which opens the g a t i n g pulse outputs t o the t r i g g e r e d side,,- The pulse from-
th e coincidence u n i t also produces output pulses t o the b u f f e r gates on the t r a y 
fronts,, which c o n t r o l the. memory reset, and to the Momentum Selector s h i f t 
r e g i s t e r c o n t r o l u n i t , , which c o n t r o l s the r e s e t t i n g of the s h i f t r e g i s t e r b i t s 
and the clock puj.se t o the s h i f t r e g i s t e r s . . The output pulses to- the b u f f e r gates 
are of. s u f f i c i e n t l e n g t h t o ensure t h a t the reset input i n the e l e c t r o n i c 
memories are i n a l o g i c a l 0 s t a t e when the high voltage pulse i s applied.. The 
l o g i c a l 0 s t a t e i s removed before the d i g i t i s a t i o n pulse i s obtained from the 
f l a s h tube.: Figure 5.21 shows the sequence of pulses produced a f t e r t = 0 
which i s the a r r i v a l of a coincidence pulse from the s c i n t i l l a t i o n counters. 
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The reset pulse on the memories i s ap p l i e d f o r 2.5 l^s.-. The high voltage pulse 
on the f l a s h tubefs i s ap p l i e d 1.5 Hs a f t e r t = 0 and the d i g i t i s a t i o n pulse i s 
produced about -2.5 [is a f t e r the s t a r t of the highwlfege pulse or 4 [xs from t = 0. 
Hence the reset pulse i s o f f before the d i g i t i s a t i o n pulse.: The ga t i n g pulse 
t o the memories i s produced 10 \is a f t e r t = 0 and i s of le n g t h 1 ns.. F i n a l l y 
a f u r t h e r reset pulse i s a p p l i e d t o the memories,, which i s c o n t r o l l e d by a 
pulse from, the reset u n i t as described below.. The time of t h i s pulse depends 
i f t he p a r t i c l e i s a high or low momentum event as explained i n g3,-4.3. 
The output pulse t o the Momentum Selector s h i f t r e g i s t e r c o n t r o l u n i t 
also ensures t h a t the s h i f t r e g i s t e r b i t s are not set by e l e c t r o n i c pick up. 
I t should be noted t h a t the- reset pulses are used on a l l Momentum Selector 
Trays i r r e s p e c t i v e of which side i s t r i g g e r e d . This i s again a safety precaution 
i n case of pi c k up i n t h e memories on the side not triggered,; 
The i n p u t s from the coincidence u n i t are mixed as shown i n f i g u r e 5,20 
and the mixed output i s delayed by 10 [ i s , a f t e r which a 1 [is pulse i s produced,, 
which i s f e d t o the Momentum Selector Trays i n the t r i g g e r e d side t o allow pulses 
t o be f e d i n t o the c e l l a l l o c a t i o n l o g i c from the memories.. A pulse i s also 
fed i n t o the Momentum Select o r s h i f t r e g i s t e r c o n t r o l u n i t t o prepare-for pulses 
from the f l a s h tube trays.. 
A pulse from, the reset u n i t resets the f l i p - f l o p i n d i c a t i n g which side 
had been t r i g g e r e d and the e l e c t r o n i c memories.- A pulse i s then sent t o the 
Momentiom Selectoi" s h i f t r e g i s t e r c o n t r o l u n i t t o reset, the s h i f t r e g i s t e r s 
and stop the cloc;king of the s h i f t r e g i s t e r b i t s . 
The c i r c u i t f o r the M6mentum Selector s h i f t r e g i s t e r c o n t r o l u n i t i s 
shown i n f i g u r e 5.22. I n the o f f state,, the clock pulse i s vetoed and the 
output b i t s o f each s h i f t r e g i s t e r are i n th e l o g i c a l 1 state,. A f t e r a "pulse 
i s fed from the coincidence u n i t t o the Momentum Selector d o n t r o l uinit,a pulse 
i s fed from t h i s u n i t t o the reset input. This pulse then t r i g g e r s a monostable 
of l e n g t h 8 ^s.. The pulse i s then fed to the clock c o n t r o l f l i p - f l o p and the 
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s h i f t r e g i s t e r s t o prevent pickup when the high voltage pulse i s applied t o 
the f l a s h tubes.. The pulse i s applied t o the s h i f t r e g i s t e r s through a series 
of b u f f e r gates.. This f a n out i s necessaiy because of the large number of s h i f t 
r e g i s t e r b i t s , , there being a t o t a l o f 6 l l s h i f t r e g i s t e r b i t s 
i n the three s h i f t registers.- Each b u f f e r gate i s then used t o drive 12 s h i f t 
r e g i s t e r b i t s . The clock c o n t r o l f l i p - f l o p i s normally o f f at t h i s stage so 
the a p p l i c a t i o n of a pulse i s j u s t a precaution.. 
When the g a t i n g pulses are sent t o t h e Momentum Selector Trays, a pulse 
i s also f e d t o t h e s h i f t r e g i s t e r c o n t r o l unit.. A f t e r a delay of 3 ns, during 
which the s h i f t r e g i s t e r s are set by pulses from the t r a y fronts,, the f l i p -
.flop v e t o i n g the clock pulse i s t r i g g e r e d thus enabling clock pulses t o be 
fe d t o the s h i f t r e g i s t e r s . The clock pulses are fed. t o the s h i f t r e g i s t e r 
b i t s through a s i m i l a r system o f b u f f e r gates as the reset pulse.. The clock 
pulse i s produced by a m u l t i v i b r a t o r which i s described i n Appendix A. 
Two clock pulse frequencies can be used.- The normal clocking frequency 
i s kHz but a s h i f t i n g frequency o f 1 Hz can be used i f required.- This slow 
s h i f t i n g rate, has been incorporated i n the design as an a i d t o f a u l t f i n d i n g . 
As mentioned above the clock pulses are counted by a scaler. ' A f t e r the 
scaler has counted. 9Q clock pulses an output pulse i s produced which gates the 
output of the f l i p - f l o p recording t h e h i g h momentum event. 
The clock pulse i s stopped and the s h i f t r e g i s t e r s set to t h e i r normal 
o f f modes by a pulse from the Momentum Selector o o n t r o l u n i t i n a s i m i l a r way 
as the i n i t i a l res.et pulse during the a p p l i c a t i o n of the high voltage pulse. 
Again t h e a p p l i c a t i o n of a reset pulse t o the s h i f t r e g i s t e r s i s j u s t a precaution 
since a l l the i n f o r m a t i o n i n the r e g i s t e r s w i l l have been s h i f t e d t o the end 
of t h q r e g i s t e r s before a reset pulse i s obtained.. 
To keep a v i s u a l check on the s h i f t r e g i s t e r b i t s , the b i t s of each s h i f t 
r e g i s t e r are grouped t o g e t h e r consecutively i n u n i t s of eight and fed i n t o the 
in p u t s of an eight i n p u t nand gate.. Normally the inp u t t o the nand gate w i l l 
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be i n a l o g i c a l 1 state,: the output changing t o a l o g i c a l 0 state when the 
s h i f t r e g i s t e r holds relevant i n f o r m a t i o n . The outputs t o the nand gates are 
monitored by a bank of i n d i c a t o r bulbs, the bulbs being i n the on.state when 
any b i t of the s h i f t r e g i s t e r s on the inputs t o the gates i s i n the on state,. 
As a f u r t h e r a i d t o e l e c t r o n i c f a u l t checking,-, an extra s h i f t r e g i s t e r 
b i t has been placed at. the beginning of each s h i f t r e g i s t e r as shown i n 
f i g u r e 5..17. ' This b i t i s set' i n the on state by a push button, i t normally 
being i n the' o f f state.: The f a s t or slow clock pulse can then be applied and 
the movement of Informa t i o n across the s h i f t r e g i s t e r can be seen w i t h the use 
of the i n d i c a t o r bulbs. Any s h i f t i n g f a u l t can e a s i l y be seen. 
The Momentum Selector s h i f t r e g i s t e r c o n t r o l u n i t , s h i f t r e g i s t e r s , and 
associated l o g i c f o r the determination of high momentum events, are contained 
<ln plug i n type p r i n t e d c i r c u i t boards. The boards plug i n t o edge conjiectors 
f i x e d i n a s p e c i a l chassis. The c i r c u i t s are contained on 55 boards. I n t e r -
connection between boards i s made by the use of w i r e soldered between the 
rel e v a n t edge connector pins on the back of the board. The multi-way cable 
from the' l o g i c centained i n the t r a y f r o n t s f i t i n t o 15 way sockets f i x e d on a 
spe c i a l designed back to the chassis.; Connection t o the board i s made by 
wi r e from the socket t o the edge connector. This w i r e i s of s u f f i c i e n t l e n g t h 
t o enable the back of the chassis t o be removed .from i t s correct p o s i t i o n t o 
enable any releva.nt r e p a i r or f a u l t f i n d i n g on the edge connectors t o be carr i e d , 
out.. The power i n p u t s and other r e l e v a n t inputs and outputs are also connected 
t o the back p l a t e . 
The-unit i s contained i n a, rack near t o the spectrograph and i s shown 
i n ELate 2, the A'isual i n d i c a t o r d i s p l a y i s above the p r i n t e d c i r c u i t boards, 
5.10,- The Method of Analysis of the Low Momentum Events Using R.U.-D.J. 
The Restrici;ed Use D i g i t a l Instrument (R:U.D.I,) i s used i n conjunction 
w i t h the Momentum s e l e c t o r s h i f t r e g i s t e r s t o determine the d e f l e c t i o n , charge, 
and z e n i t h angle f o r an event i n the spectrograph. The r e s u l t s of the analysis 
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are stored i n a 4OO channel pulse height analyser (.P. H. A,) i n sixteen d e f l e c t i o n 
spectra. Four z e n i t h angle ranges are used and f o r each range there are f o u r • 
spectra corresponding t o the a r r i v a l d i r e c t i o n .and the charge o f the p a r t i c l e . 
A block diagram of the arrangement i s shown i n f i g u r e 5,-23.- The scalers 
AB and BC count the clock pulses applied t o the s h i f t r e g i s t e r s t o s h i f t the 
i n f o r m a t i o n t o t h e end of each r e g i s t e r . The scaler. AB i s star t e d by the f i r s t 
a r r i v a l at b i t I52 of the s h i f t r e g i s t e r o f a.triggered c e l l i n e i t h e r s h i f t 
• r e g i s t e r A or s h i f t r e g i s t e r B and i s stopped by the second a r r i v a l i n the 
other s h i f t r e g i s t e r t o the one which s t a r t e d the scaler. The scaler thus 
records the distance ab i n f i g u r e 5..23 which shows a t y p i c a l event through 
the spectrograph. The scaler BC records i n a s i m i l a r way the distance be i n 
f i g u r e 5.23 by being c o n t r o l l e d by the a r r i v a l times of the b i t s i n s h i f t 
r e g i s t e r s B and C at the 152nd b i t . 
The d e f l e c t i o n , A in: f i g u r e 5.23 i s obtained by e i t h e r adding or subtra c t i n g 
the s c a l e r values.- Which of the two modes i s the correct one i s determined 
by the a r r i v a l orders o f the b i t s at the 152nd b i t s of the s h i f t r e g i s t e r s . 
As already mentioned i n §5.9 the s h i f t d i r e c t i o n f o r the Blue and Red sides are 
arranged so t h a t they s h i f t towards the centre of the magnet.. This r e s u l t s 
i n the measured d e f l e c t i o n f o r a charged p a r t i c l e t o be always i n the same 
d i r e c t i o n , , i r r e s p e c t i v e o f the side o f the spectrograph the p a r t i c l e traversed. 
The charge o f the p a r t i c l e i s then obtained from the known f i e l d d i r e c t i o n . 
The z e n i t h sjigle o f the p a r t i c l e when projected i n the d e f l e c t i o n plane 
o f the magnet, w i l l be p r o p o r t i o n a l t o the value of scaler AB. , the a r r i v a l 
d i r e c t i o n of the p a r t i c l e being determined by the a r r i v a l sequence a t b i t 152 
of A and B s h i f t r e g i s t e r s and the t r i g g e r e d side. 
When the Momentum Selector has s h i f t e d a l l the b i t s to the 152nd b i t , 
which w i l l take ].51 clock pulses,• 'the event i s stored i n the P.H.A. i n one of 
the s i x t e e n possible spectra. The spectrum i n which the event i s stored i s 
c a l c u l a t e d by. the l o g i c a f t e r t a k i n g - i n t o account the t r i g g e r mode and the 
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f i e l d d i r e c t i o n . . 
Because; of the ambiguity which would occur i f the Momentum Selector contains 
more than one c e l l i n any of the three s h i f t r e g i s t e r s , a c o n t r o l l i n g l o g i c 
c i r c u i t i s b u i l t i n t o the device which checks t h a t there i s only one b i t i n 
each s h i f t r e g i s t e i r . I f there i s more than one b i t . the event i s not stored. 
S i m i l a r l y the event i s not analysed i f t h e r e ! i s no b i t i n any of the s h i f t 
r e g i s t e r s . . 
As the P.H.A, has 400 channels the sixteen recorded spectra are a l l o c a t e d 
25 channels each. This i s subdivided i n t o channels corresponding t o deflections-
of 0,1, . . ... ..up t o 23 c e l l s and each channel , can record up t o 10^ events. The 
f i n a l channel i s not used,: i t serves as a gap between spectra and i s a u s e f u l 
check on whether-H. U.D. I . i s working as no i n f o r m a t i o n should be recorded i n 
t h i s channel.. 
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CHAPTER 6 
The Measuring Trays and Associated C i r c u i t s 
6.1 I n t r o d u c t i o n 
The Measuring Trays are used t o determine the t r a j e c t o r y of a p a r t i c l e 
which has been flagged by the Momentum Selector as being a high momentum 
event. Each t r a y contains 712 neon f l a s h tubes of l e n g t h 2 metres, mean i n t e r n a l 
diameter 5.55 nmi and f i l l e d w i t h neon gas at a pressure of 2.4 atmospheres. 
The f l a s h tubes were made by I n t e r n a t i o n a l Research and Development Co. Ltd. 
of Newcastle-on-Tyne, who have had considerable experience i n the manufacture 
of f l a s h tubes of various sizes f o r a v a r i e t y of experiments. The tubes are 
painted black t o prevent one f l a s h tube s e t t i n g o f f adjacent tubes when i t 
discharges and are d i g i t i s e d using the method discussed i n Chapter 4. 
This chapter describes the Measinr'ing Trays and associated e l e c t r o n i c s 
used i n conjunct i o n w i t h the f l a s h tube d i g i t i s a t i o n technique. Also 
described b r i e f l y are the e l e c t r o n i c s f o r the core store and other d i g i t a l 
i n f o r m a t i o n stored w i t h a high momentum event. 
6.2 Construction of the Measuring Trays 
The f l a s h tubes are supported by an outer framework made from l" x -g-" 
b r i g h t s t e e l bar of o v e r a l l sizg:290cm x 84cm:x 12.1'cm.This framework i s 
constructed i n a s i m i l a r manner as the Momentum Selector Trays. The tr a y s are 
s i m i l a r i n e x t e r n a l form t o those o f the Momentum Selector except t h a t each t r a y 
containsS l a y e r s of tubes, there being 89 f l a s h tubes per layer. As there i s 
t h i s s i m i l a r i t y between the Momentum Selector Trays and the Measuring Trays only 
the p a r t s of the t r a y which d i f f e r w i l l be described. The Momentum Selector 
Tray i s described i n §5.4. 
The electrodes f o r the t r a y s are made from 18 S.W.&. (1.2 mm) aluminium 
sheets, which are f i x e d i n p o s i t i o n by Tufnol supports i n a s i m i l a r manner t o 
the Momentum Selector Tray. There i s s i m i l a r l y an overlap of 5" (6.4 mm) 
between adjacent electrodes. 
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The brass: supports f o r the tubes: and the d i g i t i s a t i o n s h i e l d were made 
i n a s i m i l a r manner to the supports and s h i e l d f o r the Momentum Selector Trays. 
The size of hole used t o support the tubesvaried from t r a y t o t r a y because of 
the s l i g h t v a r i a t i o n i n the diameter of the f l a s h tubes. The f l a s h tubes were 
arranged i n groups depending on t h e i r tube diameter, the i n t e r v a l betwee.en 
groups being 0.1 mm. This i n t e r v a l was chosen because i t i s the standard 
i n t e r v a l i n metric d r i l l sizes. Table 6,1 shows the d r i l l sizes used f o r the 
Measuring Trays. 
TABLE 6,1 
The Hole Diameters Used i n the Measuring Tray Supports and Shield 
Level Blue- Side Red Side 
1 8.0. 8.1 
2 8.2 8.1 
3 8,1 8.0 
4 8.1 8.1 
5 8.1 8.0 
Before t h e t r a y was f i l l e d w i t h f l a s h tubes, the tubes were tested f o r 
spurious f l a s h i n g . . I t was w h i l s t c a r r y i n g out the t e s t s on spurious f l a s h i n g 
t h a t t h e e f f e c t s discussed i n Appendix B were noticed. 
The t r a y s were f i l l e d i n a s i m i l a r manner t o the Momentum Selector Trays 
except t h a t a small double-concave shaped spacer made of T u f n o l was placed 
between each tube near t o the middle of the tube. This small spacer i s used t o 
f i x the tubes f i r m l y i n p o s i t i o n as a tube o f t h i s diameter and length i s very-
springy i f held only a t i t s endsand any v i b r a t i o n of the tubes when placing the 
t r a y i n the spectrograph, would cause the tubes t o move. Thus a hole diameter 
close t o . t h e a c t u a l f l a s h tube diameter together w i t h the small spacers hold 
the tubes i n a f i x e d p o s i t i o n i n the t r a y . 
These small spacers were made by p l a c i n g a 5" sheet of Tufnol between the 
aluminium ;block and the brass p l a t e s before d r i l l i n g the holes. A f t e r d r i l l i n g 
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had been completed, a m a t r i x of holes was l e f t i n the Tufnol sheet.. The sheet 
) 
was then cut i n t o t h e r e q u i r e d spacers. 
When a row of holes had been f i l l e d during the con s t r u c t i o n of a t r a y , the 
small T u f n o l spacers -were placed between each tube and f i x e d by adhesive to 
the e lectrode on -which i t rested,- To f a c i l i t a t e ease i n f i x i n g the spacers,, 
they were placed i n t o two rows separated, by a few inches. Each row then 
contained the spacers f o r adjacent tubes. The f l a s h tubes i n a l a y e r were then 
aligned p a r a l l e l using a s i m i l a r technique as was used f o r the Momentum Selector 
Trays, A f t e r alignment, a small white p a i n t spot, was applied at the end of 
the tube to. i n d i c a t e the correct, p o s i t i o n of the tube i n the t r a y . 
The i n t e r c o n n e c t i o n of a l t e r n a t e electrodes; uses the same method as the 
Momentum Selector' Trays and the high voltage pulse i s also applied t o the t r a y 
i n . a s i m i l a r marm.er... 
6.3 . The Flash Tube Pattern 
The stagger o f the f l a s h tubes used i n the Measuring Trays i s shown i n 
f i g u r e 6.1.. The distance between adjacent tubes i n each la y e r i s 8.6 mm. This 
distance was chosen so that- there would be a w a l l thickness of approximately 
0-.'5 mm between adjacent holes I n the f l a s h tube support plates and the d i g i t i s a t i o n 
s h i e l d . This va].ue- was considered t o be the minimum w a l l thickness as below 
t h i s value the w a l l would be too weak. The distance between the centres of 
adjacent l a y e r s vas equal t o the hole diameter, plus the electrode thickness.. 
B u l l et a l . (1962) compared, the u n c e r t a i n t y i n p a r t i c l e p o s i t i o n obtained 
w i t h a random stagger of the f l a s h tube- l a y e r s w i t h the un c e r t a i n t y obtained w i t h 
a designed stagger. They concluded t h a t there i s no s i g n i f i c a n t d i f f e r e n c e 
between random and designed, staggers-of f l a s h tube layers.- A designed stagger 
was used f o r the Measuring Trays. The form of the stagger used was chosen 
a f t e r t e s t i n g various possible stagger arrangements. 
Scale diagrams -were drawn of the possible staggers. A measuring l e v e l 
was drawn on the diagrams along the centre l i n e of the t r a y as- shown i n f i g u r e 
M e a s u r i n g 
L e v e l 
8 9 F l o c h T u b c s 
P e r L a y e r 
Figure 6.1 The Flash Tube Pattern used i n the Measuring Trays. 
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6.-1. For a given angle t o the v e r t i c a l , the number of channel widths i n a tube 
spacing (8.6 mm) was found across the measuring l e v e l . The channel width i s 
defined as the distance along the measuring l e v e l over which the same pa t t e r n 
of f l a s h tubes i s traversed by t r a c k s at the same angle t o the v e r t i c a l , - The 
channel w i d t h i s then the t o t a l u n c e r t a i n t y i n p o s i t i o n of the p a r t i c l e a t the 
measuring l e v e l . 
The spectrograph w i l l accept high momentum p a r t i c l e s w i t h projected z e n i t h 
0 
angle up t o 7 . A f l a s h tube stagger i s thus required which has as near ; -, a 
uniform response as possible over t h i s z e n i t h angle range. This response was 
measured f o r the various f l a s h tube patternsby p l o t t i n g the weighted mean of the 
channel widths i n 2" steps of angle on both sides of the v e r t i c a l . The channel 
widths were weighted according t o t h e i r widths since f o r ' a given angle, the 
p r o b a b i l i t y o f a f l a s h tube combination w i l l depend on the channel.width f o r 
t h a t p a r t i c u l a r combination. Hence f l a s h tube combinations w i t h a large channel 
w i d t h w i l l occur more o f t e n than a smaller channel width. 
Figure 6.2 shows the graph of the weighted mean channel widths f o r the f l a s h 
tube stagger f i n a l l y used i n the spectrograph. For comparison f i g u r e 6.3 (a) 
shows the corresponding graph f o r the f l a s h tubes stagger shown i n f i g u r e 
6.3 (b) i n which a l t e r n a t e l a y e r s o f tubes- are v e r t i c a l l y below one another. 
This stagger can be seen t o have a large u n c e r t a i n t y i n p o s i t i o n f o r v e r t i c a l -
t r a c k s compared t o a c l o s e l y uniform u n c e r t a i n t y f o r the f l a s h tube stagger' 
used i n t h e spectrograph. The weighted mean over the angular range was found 
t o be 0.^4 mm f o r the f l a s h tube stagger used i n the Measuring Trays and 1.14 mm 
f o r the f l a s h tube stagger shown i n f i g u r e 6.3 (b),-
Using a s i m i l a r method t o t h a t described f o r t h e Momentum Selector Trays 
i n g5,6,. the e r r o r i n l o c a t i o n o f a p a r t i c l e i n a f l a s h tube' t r a y can be deter-
0 0 
mined f o r the c e l l widths over the angular range 0 t o 8 on both sides of the 
v e r t i c a l . A histogram of the discrepancies i s shown i n f i g u r e 6,4. The 
d i s t r i b u t i o n i s £;ymmetric about the zero value for- the discrepancy and has a 
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mean value, i g n o r i n g the signsof the discrepancies, of 0.23 mm and a standard 
d e v i a t i o n of 0.30 mii. The value o f the standard d e v i a t i o n of the d i s t . r i b u t i o n 
i s used i n §7.4 t o estimate the maximum detectable momentum of the 
spectrograph. 
The above a n a l y s i s assumes t h a t the f l a s h tubes are 100^ e f f i c i e n t . 
Any decrease i n e f f i c i e n c y w i l l cause the channel widths t o vary and increase 
the weighted mean channel w i d t h and broaden, the discrepancy d i s t r i b u t i o n . 
The f l a s h tube p a t t e r n shown i n f i g u r e 6„3 i s only used i n the Measuring 
Trays i n the Blue side o f the spectrograph. A m i r r o r image of the p a t t e r n i s 
used on the Red side. The 'mirror' i s the v e r t i c a l plane through the centre 
of the magnet and p a r a l l e l t o the' f l a s h tubes. 
This arrangement i s used as an a i d t o the computer programme t o determine 
the sign and momentum o f the p a r t i c l e t r a v e r s i n g the spectrograph. The f l a s h 
tube p a t t e r n i s the same on each side of the spectrograph i f i t i s viewed along 
the magnetic f i e l d d i r e c t i o n . Then the d e f l e c t i o n of p a r t i c l e s of the same 
charge w i l l be i n the same d i r e c t i o n when viewed along the magnetic f i e l d 
d i r e c t i o n i n both sides of the magnet. . 
As w i l l be explained i n ^6.4, the f l a s h tube i n f o r m a t i o n i s fed t o the 
computer a column of f l a s h tubes at a time. The f l a s h tube columns are scanned 
always towards.the centre l i n e of the magnet so t h a t the f i r s t column i n each 
t r a y i s always on the outside. This ensures t h a t the column stagger f o r each 
t r a y i s the same. 
6.4 The Readout . System of the Flash Tubes 
6,4.1 I n t r o d u c t i o n 
This system c o n t r o l s the recording.of the i n f o r m a t i o n of aflashed tube 
by an e l e c t r o n i c memory and t h e subsequent readout of the memory output i n t o 
the core s t o r e . 
As each Measuring Tray contains 712 f l a s h tubes, an output wire from every 
f l a s h tube- memory i n a t r a y t o the core store would cause obvious p r a c t i c a l 
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d i f f i c u l t i e s , A l o g i c system has thus been;devised i n which the outputs from 
each column of f l a s l i tubes i n a t r a y can be presented i n t u r n on eight output 
w i r e s from the t r a y , which are then fed i n t o the core store l o g i c . 
This i s achieved by grouping the f l a s h tube memories i n t o v e r t i c a l columns 
i n the same c o n f i g u r a t i o n as the f l a s h tubes i n the tray„ Each column then 
comprises 8 memories: and the columns are scanned by an e l e c t r o n i c scaler u n t i l 
a columnis found i n which a t l e a s t one tube has flashed. The memory inf o r m a t i o n 
o f the tubes i n t h i s column i s then read out i n t o the core store,, together w i t h 
the column number. This process i s repeated f o r a l l the columns i n a t r a y and 
f o r a l l the t r a y s on the t r i g g e r e d side i n t u r n and f i n a l l y f o r the Azimuth -
Trays, The d i r e c t i o n of the scan i n the Measuring Trays i s always towards -
the centre of the laagnet as mentioned i n §6.3. 
This method of scanning f o r the flashed tubes i n the columns i s used 
Instead of reading out the contents of each f l a s h tube memory because i t 
reduces' the storage space r e q u i r e d i n both t h e core store and computer disc. 
Hence more events can be stored on the same, disc. 
The l o g i c c i r c u i t s used f o r ' t h e r o u t i n g procedure are described below,. 
They can be subdivided i n t o two sections: the e l e c t r o n i c s on the t r a y f r o n t s , 
and the t r a y steei-age l o g i c . The t r a y f r o n t e l e c t r o n i c s contains the e l e c t r o n i c 
memorie-s, g a t i n g l o g i c f o r the f l a s h tube columns, and the mixing . c i r c u i t s 
f o r the f i n a l outputs from the t r a y . The t r a y steerage l o g i c .is responsible 
f o r the r e s e t t i n g of the e l e c t r o n i c memories and the order' i n which information 
i s passed from the t r a y l o g i c t o the core store l o g i c . But f i r s t , t h e form of' 
the d i g i t i s a . t l b n system f o r o b t a i n i n g a output pulse from a f l a s h tube when i t 
flashes- i s described, 
6,4,2- The D i g i t i s a t i o n System 
The d i g i t i s i n g system used on the Measuring Tr^ys i s c l o s e l y s i m i l a r i n 
form t o the system for',the Momentum Selector Trays, which was described i n §5o8„3, 
except t h a t there i s only one p r i n t e d c i r c u i t board mounted on f r o n t of the t r a y . 
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The probes used f o r the Measuring Trays are l" 8 B.A. brass countersunk screws 
w i t h a washer-on t h e i r heads such t h a t the diameter' o f the probe head i s 0.45 cm. 
Fferspex c y l i n d e r s ' o f length 1.9 cm then hold the probes symmetric i n the probe 
s h i e l d I n a s i m i l a r manner t o the Mqment\im Selector Trays. 
The p r i n t e d c i r c u i t board on the f r o n t of'the t r a y contains the probe 
r e s i s t o r and connection i s made t o the board from the probes, using miniature 
stranded w i r e . Connection i s then made from t h i s board t o the e l e c t r o n i c ' 
5 " 
memories v i a a series o f sockets held i n a s t e e l framework o f / l 6 square bar 
f i x e d t o the d i g i t i s a t i o n s h i e l d . ' The framework holds 15 sockets, which are 
used w i t h the c i r c u i t boards containing the readout l o g i c from the t r a y . 
" These boards are described i n §6.4,3. 
The high voltage pulse applied t o the Measuring Trays i s obtained by 
discharging a lumped parameter delay l i n e as explained i n §3.5. The value o f 
the r e s i s t o r used w i t h the delay l i n e i s 22 ohm. The v a r i a t i o n i n l a y e r 
e f f i c i e n c y as a f u n c t i o n of the applied e l e c t r i c f i e l d , which i s defined as the 
peak pulse height d i v i d e d by the distance between electrodes, f o r t h i s value 
of r e s i s t o r , i s shown i n f i g u r e 6.5. 
The expected l a y e r ' e f f i c i e n c y , assuming a 100^ i n t e r n a l e f f i c i e n c y f o r 
the tubes, i s about 64^. The voltage chosen was thus the voltage which gave 
the nearest l a y e r e f f i c i e n c y t o t h a t expected f o r lOC^ i n t e r n a l e f f i c i e n t 
tubes. The voltage chosen has a peak height of 6 kV, producing a peak e l e c t r i c 
f i e l d o f 7.5 kV.. cm"''" and corresponds to a voltage on the delay l i n e of 13 kV« 
6.4.3 The El e c t r o n i c s , on the Tray Fronts 
The e l e c t r o n i c s f o r the t r a y f r o n t s can be subdivided into' four main 
u n i t s , which are mounted on seperate p r i n t e d c i r c u i t boards on the t r a y f r o n t s . 
These are the c i i - ^ u i t s f o r the f l a s h tube memories and the mixing of the memory 
outputs i n a row of tubes'; the l o g i c t o gate each column i n a t r a y ; a c i r c u i t 
t o i n d i c a t e t o the t r a y steerage, and core store l o g i c t h a t a column requires 
t o be st o r e d ; ,and the mixer l o g i c ' f o r the eight outputs from the t r a y t o the 
UJ 5 0 
6 0 7 . 0 
P e a k F i e l d k V / c m 
8-0 
The V a r i a t i m i n Layer E f f i c i e n c y of the Measuring Trav 
Flash Tubes w i t h Applied F i e l d . 
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core store. The c i i - c u i t s f o r these various, components are described below. 
DTL i n t e g r a t e d c i r c u i t blocks have-been used i n these c i r c u i t s as a f a s t 
response. d,s not. required. 
I n each Measuring Tray there are 89 columns o f f l a s h tubes. These columns 
are numbered 2 t o • 90 r e s p e c t i v e l y . Column 1 i s a' dummy column which contains 
i n f o r m a t i o n on the t r a y . This i n f o r m a t i o n i n column 1 i s fed, i n t o the core 
store every event so t h a t the computer programme which analyses the event, can 
group the data on t h e flashed tubes i n t o the corresponding trays. There are 
al90 s i x dummy coliimns a t the end of the t r a y , columns 91 t o 96 r e s p e c t i v e l y . 
The eight b i t s i n these- columns i n every t r a y w i l l be used by the computer to 
store i n f o r m a t i o n on the processed event. 
The i n t e g r a t e d c i r c u i t blocks f o r the f l a s h tube memories and the l o g i c 
f o r the mixing of memory outputs i n a row of tubes are on s p e c i a l l y made 
p r i n t e d c i r c u i t boards. The boards have been designed such t h a t a l l possible 
i n t e r c o n n e c t i o n s between the blocks are p r i n t e d on the board. Single sided 
board i s used so a l l interconnections between blocks on the same row are p r i n t e d 
on the board. Interconnection on the board between i n t e g r a t e d c i r c u i t blocks 
on d i f f e r e n t rows i s not possible because of the continuous power l i n e s between 
the blocks. More-, i f not a l l , o f the interconnections could have been made, 
using double sided p r i n t e d c i r c u i t boards but then the cost of a board would 
be greater by an approximate f a c t o r of two. The extra expense was f e l t not 
t o be j u s t i f i e d . The blocks and the interconnections between blocks were put 
on the board i n a s i m i l a r manner t o the Momentum Selector boards f o r the c e l l 
a l l o c a t i o n ' l o g i c . 
Sach board contains the memories and. r o u t i n g l o g i c f o r eight columns 
of, tubes, 64 tubes i n number. As there are 96 r e a l and dummy columns per t r a y , 
12 boards are required. The f i r s t board contains t h e dummy column and 7 r e a l 
columns. The next 10 boards contain 80 columns and the f i n a l t w e l f t h board 
the remaining two r e a l columns and the s i x dummy columns. For the dummy columnsj-
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e l e c t r o n i c memory blocks are not used but the i n f o r m a t i o n t o the mixing l o g i c 
i s heid permanently i n the required state,.- The output from the dummy columns 
w i l l c o ntain a coded number f o r the column so the computer can recognise i t 
as a dummy column. 
The l o g i c diagram f o r a board i s shown i n f i g u r e 6,-6(a).. There are 74 
i n t e g r a t e d c i r c u i t blocks, per board,- The e l e c t r o n i c memory used i s the same 
as t h a t used f o r the Momentum Selector f l a s h tubes. Figure 6.-6(b) shows the 
form of the memory,- There are two outputs, output 1 and output 2, which are shown 
i n the f i g u r e w i t h the l o g i c output states a f t e r a negative reset pulse i s 
received. A f t e r being set by a pulse from the f l a s h tube probe, the l o g i c 
states on the two outputs f l i p over. These two output states are used i n the 
readout l o g i c as explained below.. 
The g a t i n g i n p u t t o each column opens the output from an eight input 
nand gate whose i n p u t s are from output 2 o f the f l a s h tube memories i n the 
column. I f one or more tubes have f l a s h e d i n a column, a l o g i c a l 0 state i s 
produced at t h e corresponding i n p u t t o t h e eight f o l d gate. T h i s ' r e s u l t s i n 
a l o g i c a l 1 s t a t e on the output from the gate which i s fed t o a two f o l d gate, 
the other i n p u t t o t h i s gate i s from the g a t i n g l o g i c . When the g a t i n g pulse 
i s produced a t t h i s gate,, the gate output changes from a l o g i c a l 1 l e v e l t o a 
l o g i c a l 0 l e v e l i f one or more tubes i n the column have flashed,. This change 
i n output i s passed t o a l o g i c board which produces an output pulse to the t r a y 
steerage l o g i c to commence the readiin of the p a r t i c u l a r column i n t o the coare 
store. 
I f no output-pulse i s obtained the gating l o g i c continues t o scan the columns 
u n t i l i t f i n d s a column where one or more tubes have flashed. 
The stopping of the gate pulse i n i t s scan r e s u l t s i n an input t o -eight two 
input, nand gates changing from a l o g i c a l 0 t o a l o g i c a l 1 state. The other 
i n p u t t o each gate comes from output 1 of the f l a s h tube memories f o r the 
column at. which the g a t i n g l o g i c stopped. I f a tube has flashed the output 
from the gate i s i n a l o g i c a l 1 state> otherwise i t i s i n a l o g i c a l 0 state.-
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The eight outputs from the two f o l d gates, corresponding t o the eight 
f l a s h tube memories i n each row contained on the board, are fed t o the inputs 
of eight i n p u t nand gates. For a given gate,the inputs correspond to the ei g h t 
f l a s h tubes i n the same row so there are e i g h t gates per board. Normally, i n 
the o f f s t a t e , these i n p u t s w i l l be i n the l o g i c a l 1 state^which thus give 
an output state o f l o g i c a l 0. On scanning the columns, the inputs w i l l remain 
i n the l o g i c a l 1 state u n t i l a column i s found where one or more tubes have 
flashed. Then the inputs t o these e i g h t input gates from the tubes i n the 
column which have flashed w i l l change t o a l o g i c a l 0 w h i l e the inputs from 
the r e s t of the column and the other tubes w i l l remain i n the l o g i c a l 1 state. 
Thus the outputs from the g a t e s w i l l be at a l o g i c a l 1 f o r the tubes i n the column 
which have flashed,, 
The outputs from.each f i n a l e i g h t i n p u t nand gate on every board i n a t r a y 
are f e d i n t o a mixer c i r c u i t which gives the output states of any column i n 
the t r a y on the e i ^ ^ t outputs from the mixer when t h a t p a r t i c u l a r column is • 
opened. This mixer c i r c u i t i s described l a t e r i n t h i s sub-section. 
The c i r c u i t f o r the gating l o g i c i n the tray i s shown i n f i g u r e 6.7. 
The f u n c t i o n o f t h e c i r c u i t i s t o convert an eight b i t B. CD. number i n t o a 
decimal output f o r each column of f l a s h tubes.. . The B.C..D. number i s obtained 
from a scaler c o n t r o l l e d by the t r a y steerage l o g i c as described i n |6.6 and 
i s f e d t o the board v i a a twelve way i n d i v i d u a l l y screened cable. Each decade 
o f the B, CD. number i s converted t o i t s corresponding decimal number by a 
B. CD. t o decimal converter which i s described i n Appendix A. 
Normally, the outputs from the c i r c u i t w i l l be i n the l o g i c a l 0 state 
except f o r the output g i v i n g the decimal equivalent f o r the B,CD. input 
number, which w i l l be i n the l o g i c a l 1 state. This then enables the column 
corresponding t o the number t o be scanned f o r possible flashed tubes. The 
speed of scanning i s governed by the frequency of the in p u t pulses t o the B. C. D. 
sealer as explained i n §6,'6..When a column i s found i n which one or more 
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tubes have f l a s h e d , the t r a y scaler l o g i c stops the scaler on the column 
number,- thus g a t i n g open t h i s p a r t i c u l a r column. 
The c i r c u i t i s b u i l t on s p e c i a l l y made p r i n t e d c i r c u i t boards s i m i l a r t o 
the Momentum Select o r boards used f o r the c e l l a l l o c a t i o n logic,- there being 
64 blocks on each board. 
The c i r c u i t which stops the scaler scanning the t r ^ when a coiuan i s 
found i n which a t l e a s t one tube flashed i s shown i n f i g u r e 6.8. There are 96 
i n p u t s t o the boa:.rd corresponding t o the 96 columns i n a t r a y which are the 
outputs from the two input gate, vetoed by the g a t i n g l o g i c as described above.-' 
Normally these i n p u t s are i n a l o g i c a l 1 state, Yfhen a t r i g g e r e d column i s 
found, the corresponding input t o the c i r c u i t changes from a l o g i c a l 1 state 
t o a l o g i c a l 0 state.- This produces an output -pulse from the c i r c u i t to the 
t r a y steerage logic:^ which stops the scaler scanning the'columns. The output 
states of the column are then f e d i n t o the core store and the scaler r e s t a r t e d 
when the data - have been stored. 
The output pulse from the c i r c u i t i s f e d from s p e c i a l d r i v i n g gates 
designed f o r use w i t h l o n g cables and uses- one of the cables i n the twelve core 
cable used f o r passing the scaler i n f o r m a t i o n t o the t r a y f r o n t . This c i r c u i t 
i s also b u i l t on specia;ily made p r i n t e d c i r c u i t boards, there being 18 blocks 
on each board. 
The mixe.r c i r c u i t used f o r the f i n a l output from the t r a y i s shown i n 
f i g u r e 6.9. There are e i g h t outputs from the c i r c u i t which give the output 
states of the f l a s h tubes i n each column of the t r a y when the column i s opened 
by the gaiting, l o g i c , . There .are twelve inputs c o n t r o l l i n g each of the e i g h t 
ou t p i j t s o f the c i r c u i t , , which correspond t o one output from each o f the twelve 
boards c o n t a i n i n g the f l a s h tube memories. 
The outputs fi'om the board are f e d v i a cable d r i v i r i g gates i n t o the core 
s t o r e - l o g i c using e i g h t cables o f a twelve way i n d i v i d u a l l y screened cable,.' 
The i n f o r m a t i o n on these eight l i n e s i& thus read i n t o the core store whenever 
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a pulse i s sent from t h e t r a y steerage l o g i c which i s i t s e l f i n i t i a t e d by a 
pulse from' t h e t r a y f r o n t . The mixer board i s also contained i n a special 
made board w i t h blocks on the board. 
Inputs and outputs t o the four, types o f boards on the t r a y front, are made 
through a p l u g f i x e d t o the end of the board,. • The plug then conndcts i n t o a 
socket f i x e d i n f r o n t o f the f l a s h tube t r a y as described i n g6,4,2, 
6,5 The Measuring Tray E l e c t r o n i c Checking Systems 
6,-3.1 I n t r o d u c t i o n 
As the e l e c t r o n i c s used i n the Measuring Trays playsan important r o l e 
i n assuring t h a t the c o r r e c t data are stored, elaborate checking c i r c u i t s 
have been, designed f o r the boards s i t u a t e d a t , t h e f r o n t ' of each Measuring 
Tray, A l l these boards use multi-way plugs f i x e d on the ends of the boards 
which f i t i n t o sockets at the f r o n t of each t r a y . The checking c i r c u i t s have 
been mounted- on p o r t a b l e chasses i n t o which each board can be plugged i n t u r n 
d uring the checking period. The sp e c i a l checking c i r c u i t s are described i n 
the f o l l o w i n g : sub-sections.! 
6.5.2 The Specia.l Memory Board Tester 
The t e s t c i i ' c u i t f o r the s p e c i a l memory boards i s . shown i n f i g u r e 6.10. 
Each board contains- the memories f o r e i g h t columns of f l a s h tubes, 64 tubes i n 
total..- The p r i n c i p l e of the check c i r c u i t s i s t o feed known combinations i n t o 
the 64 memories a.nd t o check t h a t each memory has the expected information. 
This i s achieved using an8 b i t b i n a r y scaler, - The binary- scaler used i n the 
t e s t c i r c u i t i s made from Mullard i n t e g r a t e d c i r c u i t blocks, type number FCJ 101 
and the form of the c i r c u i t i s described i n Appendix A, The mono stable and 
delay c i r c u i t s used i n the t e s t c i r c u i t are also'described i n Appendix A, 
I f the binaj.y comparators f i n d a f a u l t , the scanning i s stopped and 
i n d i c a t o r bulbs show the states of the expected output and the output found 
on the board...' The column number where the f a u l t occurred i s also indi c a t e d . 
The scanning i s also stopped i f no output i s . obtained f o r the l o g i c which 
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stops the scan when a column w i t h one or more flashed tubes i s found. This 
f a u l t i s shown,by an i n d i c a t o r bulb.. 
I f no f a u l t i s obtained w i t h the binary number f e d i n t o the memories,-
then the memories are reset,, the s c a l e r i s incremented by 1 and t h i s ' new number 
i s f e d i n t o the memories., The process i s repeated f o r a l l the possible eight 
b i t s caler numbers (255). I f a l l 255 numbers are fed i n t o the board and no 
f a u l t i s found,, then an i n d i c a t o r bulb i s switched on to, show t h a t there i s no 
f a u l t on the board.- The time required f o r a complete, check on a board i s about 
1 second. ' Reset, stop,: and s t a r t buttons are b u i l t i n t o the u n i t t o c o n t r o l 
the t e s t i n g procedure and t o set the f l i p - f l o p s t o the corr e c t state when the 
power i s switched on. • 
6.5.3 The Gating Logic Tester 
The t e s t c i r c u i t f o r the gating l o g i c board i s shown i n f i g u r e 6.-11. - The 
l o g i c on the board converts a B. CD; coded number, which cori"esponds to a flash-
tube column number i n a tray,, i n t o an output which gates the output of the tube 
c o n f i g u r a t i o n i n the column. 
The t e s t c i r c u i t thus feeds i n t o the board a known B.C.B. number which i s 
obtained from a B. C.D. scaler,, and compares the output from the board t o the 
value expected using b i n a r y comparators. 
Pulses are fed i n t o the board under t e s t ' a t the scanning frequency of 
100 kHz... The B. C D. number t o the board i s als'o fed t o l o g i c i n the t e s t 
c i r c u i t t o convei*t the number i n t o the correrit -cplumn number output. 
This l o g i c i s thus a repeat of the l o g i c on the board under t e s t . The outputs 
from the board under t e s t are compared w i t h the expected outputs using the 
bina.ry comparators. The b i n a r y comparator outputs are - fed i n t o a mixer c i r c u i t 
whose output i s gated on the clock pulse from .the B. C,:D.- scaler. The clock pulse 
i s delayed by 1 |is t o allow the change i n output t o be fed i n t o the board. 
I f a f a u l t i s found then the scaler i s stopped..' I n d i c a t o r bulbs record the 
scal e r output as an a i d to f a u l t f i n d i n g . 
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• I f no f a u l t i s found, the c i r c u i t requires a t o t a l time' of 1 ms f o r checking. 
The stop,, s t a r t and reset c o n t r o l s are b u i l t i n t o the f r o n t panel of the u n i t . 
6.3,4 The Scan Control Board Tester 
The c i r c u i t f o r checking the board used t o stop the scan of the columns i s 
shown i n f i g u r e 6.12. Use i s made of a s h i f t r e g i s t e r whose b i t s correspond 
t o the columns.. A l o g i c a l 0 s t a t e i s set i n the s h i f t r e g i s t e r b i t number 0 
and t h i s i s f e d along the s h i f t r e g i s t e r on the a p p l i c a t i o n of a clock pulse 
of frequency equal t o the scanning frequency of 100 kHz, The output from the 
shi.ft r e g i s t e r ' b i t i s f e d t o the board under t e s t . 
The output from the board under'tEsfc is normally i n the l o g i c a l 0 state.' 
A f t e r i n v e r t i n g , i t i s connected t o an i n p u t of a two f o l d nand gate.. The 
other i n p u t i s ' obtained from the clock pulse.: The clock pulse i s delayed by 
1 (is t o allow for' the i n p u t i n f o r m a t i o n t o be fed t o the board under t e s t and 
an output-to be-obtained. The delayed clock pulse then t r i g g e r s a monostable 
of l e n g t h 1 [IS.' I f an output i s obtained from the board under t e s t , the 
monostable output i s vetoed, . I f no output i s obtained from the board, the 
monostable pulse stops the clock pulse... 
The output from the s h i f t r e g i s t e r b i t s are also fed i n t o the inputs 
t o e i g h t i n p u t ne.nd gates arranged i n order. The outputs from these gates are 
used t o t r i g g e r i n d i c a t o r bulbs.. Thus the p o s i t i o n of the t r i g g e r i n g pulse i s 
known t o w i t h i n eight' s h i f t r e g i s t e r bits..- This helps i n the l o c a t i o n of any 
f a u l t on the board. An i n d i c a t o r bulb i s t r i g g e r e d when the i n f o r m a t i o n reaches 
the end of the s h i f t r e g i s t e r , thus i n d i c a t i n g t h a t no f a u l t has been obtained. 
The t o t a l scanning time i f no f a u l t s are found i s about-1 ms.. The r e s e t , s t a r t , 
and stop buttons i n f i g u r e 6.12 are b u i l t i n t o the f r o n t panel of the unit.-• 
6,5,5 The Mixer Board Tester 
The mixer c i r c u i t c o l l e c t s the outputs from each of the twelve special 
memory boards i n a t r a y and presents the contents of each column of f l a s h tubes 
a t the eight outputs from the board when the given column i s opened by the 
scaler. 
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The check c i r c u i t f o r the board i s shown i n f i g u r e 6.13. -An eight b i t 
b i n a r y scaler i s used t o feed combinations i n t o the board corresponding to a l l 
the p o ssible combinations from one of t h e special memory boards.- The inputs 
t o the board from a given memory board a.re c o n t r o l l e d by a 12 b i t s h i f t r e g i s t e r . 
The board under t e s t i s connected t o the t e s t c i r c u i t and pulses from' the 
bin a r y scaler are f e d i n t o the inputs corresponding t o the f i r s t s p e c i a l memory 
board. This i s achieved by s e t t i n g the s h i f t r e g i s t e r b i t 1 to a l o g i c a l 1 
output using the set switch. The scanning frequency of 100 kHz f o r the columns 
i n a t r a y i s used f o r the scaler clock pulse. 
The eig h t outputs from the board under t e s t are compared w i t h the expected 
outputs using b i n a r y comparators. The outputs from the bi n a r y comparators are 
fed i n t o an eig h t f o l d nand gate whose output i s gated on the clock pulse. 
The clock pulse d.s delayed by 1 [is t o allow f o r the input pulse t o be fed t o 
the board and an output pulse produced. I f a f a u l t i s found then the clock pulse 
i s stopped. 
I f no f a u l t i s found ,then the 8 b i t b i n a r y scaler counts up to a value of 
255 and resets t o zero on the next clock pulse. A clock pulse i s applied 
t o the s h i f t r e g i s t e r when the b i n a r y scaler goes t o zero.. This opens the 
channel f o r the inputs from t h e second board i n a t r a y and closes the channel 
f o r the f i r s t boE.rd. ' The process i s repeated f o r the inputs from each board i n 
a t r a y i n t u r n . -
I n d i c a t o r bvilbs are used t o show the st a t e of the. binary scaler and each 
b i t of t h e s h i f t register.- The t o t a l time o f scanning i f there i s no f a u l t i s 
• about 3Q ms.: S t a r t , stop,; and reset buttons are b u i l t i n t o the f r o n t of the 
u n i t , -
6, 6 The Tray St(;erage Logic' 
This l o g i c c o n t r o l s the column scaler f o r each t r a y , the order i n which 
t h e . i n f o r m a t i o n from the Measuring Trays i s passed t o the core store l o g i c , and 
the r eset f o r the e l e c t r o n i c memories. I t can be b a s i c a l l y : subdivided i n t o 
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two separate parts: the logic f o r the tray scanning and the logic for the 
reset, of the electronic memories. These two parts are described below.-
The c i r c u i t diagram f o r the logic c o n t r o l l i n g the readout from a tray 
i s shown i n figure 6.14.' An input from the coincidence unit to the reset 
logic f o r the memories described below indicateswhich side the part i c l e traversed. 
This produces' an output pulse t o the corresponding input of the readout logic,' 
which sets a f l i p - f l o p to open- the scaler output to tray 1 on the triggered 
side and removes the veto on the input from the Momentum Selector. An input 
pulse from the Momentum Selector w i l l occur about IIG (is,, a f t e r the i n i t i a l 
t r i g g e r input pulse i f a high momentum event has been selected by the Momentum 
Selector. I f no pulse i s obtained'from the Momentum Selector, then a pulse 
from the reset urdt,. which occurs 1 ms a f t e r the passage of the triggering 
p a r t i c l e , i s given to the reset logic which resets the electronic memories and 
the f l i p - f l o p back toiiieir normal o f f states. 
I f a high momentum pulse- i s obtained from the Momentum Selector, an output-
pulse i s passed t o the core store logic.:. This pulse i n i t i a t e s the cor.e store 
read i n of the d i g i t i s e d information with each high momentum event, • 
When t h i s information has been stored, a pulse i s fed back to the readout 
logic which starts the scanning of fla s h tube columns.; The speed of scanning 
i s governed by a. multivibrator which feeds output pulses to scaler ( i ) which 
i s a 0 to- 99 Be CD. scaler. - The form of a decade of a B.C. D. scaler using 
integrated c i r c u i t f l i p - f l o p s of- Mullard type FCJ 101 i s described i n Appendix A, 
Two scanning frequencies have been incorporated i n the multivibrator. 
Normally, the scanning frequency w i l l be 100 kHz but a frequency of 1 Hz can 
be introduced i f required by closing-a switch.. ' This slow scanning speed is 
useful f o r f a u l t finding as the output states of the scaler b i t s are on visual 
display using small indicator bulbs together with a visual indication of which 
t r a y i s being-scanned. 
The outputs from scaler ( i ) pass i n i t i a l l y into the gating logic f o r the 
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f l a s h tube columns on'Measuring Tray 1 on the triggered side. A l l the sealer -
outputs to the rest of the trays are vetoed using scaler ( i i ) as described 
below. The scaler pulses are fed to each tray using eight cables- of a twelve 
way i n d i v i d u a l l y screened cable.;' 
I f a column i s found i n which at least one tube has flashed a pulse i s 
received from the logic- on the flash tube tray. This pulse stops scaler ( i ) 
and a pulse i s sent-to-the core store logic which indicates to the core store 
that flash tube information is ready t o be stored. The flash tube column 
number, which i s the reading of scaler ( i ) , and tube configuration i n the column 
are then recorded i n the core store. Yfhen the information on the column has 
been recorded, a pulse i s fed back to the steerage logic to restart scaler ( i ) and 
the scanning of a tray continues.-
The tray i n which the scanning process i s being carried out i s controlled 
by scaler ( i i ) i n conjunction with scaler ( i ' ) . Scaler ( i ) is a 0 to 99 scaler; 
i t counts 1 to 99}- resets to zero on the next pulse, and then continues to 
count 1 to 99 again on the following pulses. There are 96 columns' i n a tray so 
numbers 97 to zero of scaler ( i ) are not used fo r scanning the tray... An output 
pulse i s fed to scaler ( i i ' ) when scaler ( i ) counts 9.8.. Scaler ( i i ) also' 
counts i n B. CD. form and i s i n i t i a l l y at zero while tray 1 i s being scanned. 
The output' from scaler, ( i ' i ) i s fed into a B.-CD. - t o d ecimi'al converter. The 
COriverter output i s then used to gate the output from scaler ( i ) into the 
correct tray. A pulse to scaler ( i i ) thus changes i t to 1 and opens-the scanning 
to t r a y 2. The reading on scaler ( i i ) i s always one less than the number of 
the tray being scanned..' This process is repeated f o r each of the Measuring 
Trays on the triggered side of the spectrogtraph and the Azimuth Trays i n turn. . 
The information from- each Azimuth Tray i s fed to the core store irrespective 
of which side of the spectrograph is triggered. Scaler ( i i ) records numbers 
5 and 6 f o r the two Azimuth Trays.- The form of the Azimuth Trays i s described 
i n 6^.!7.. 
'When the f i n a l .Azimuth Tray has been scanned, scaler ( i i ) changes from 
6 to 7. This produces an output pulse to the core store logic to i n i t i a t e 
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the readout of the event i n t o the computer. I t also resets, the scalers to zero 
and stops the clock pulse to scaler ( i ) , ' When the e.vent has been stored by 
the computer, the paralysis f l i p - f l o p i s reset i n the reset unit and pulses 
are fed t o the reset logic of both the Momentum Selector and tray steerage logic 
to reset- the electronic memories. A pulse i s also fed from the reset logic 
to. the readout logic to- reset the f l i p - f l o p recordipg the triggered side..-
The scalers are also reset as a preca,ution by the reset, pulse. 
The readout logic i s contained on 6 plug i n type .printed c i r c u i t boards,-
which f i t into, a specially designed un i t . Connection between boards i s made 
by wire joining the edge connectors on the back of the unit. The input and 
output sockets tc' the logic are fixed to a panel on the back of the unit. 
The indicator bulb array i s mounted by the side of the plug i n boards. 
The c i r c u i t f o r the reset logic is shown i n figure 6,15. The principle 
used i s . similar to the reset f o r the Momentum Selector,- A reset pulse i s fed 
to the Measuring and Azimuth Trays as soon as a coincidence pulse'is received 
from-the t r i g g e r unit. ' A veto pulse i s then applied to the memories during 
the r i s i n g edge of the high voltage pulse and i s taken off before a .pulse is 
obtained from the f l a s h tube..: Rilses are fed to a l l Measuring and Azimuth 
Trays irrespective of which side i s triggered as a precaution,. The inputs 
from the coincidence unit indicate which side has been triggered and a corresponding 
output pulse i s fed t o the readout logic.'. A reset pulse from the reset logic 
also produces reset, pulses to the trays and the readout logic. 
The reset pulse i s fed t o the Measuring Trays via co-axial cable. Output 
t o each, memory i s via a series of buffer gates placed on the f i r s t board i n 
eacM tray, that i s , the board containing column.1. These buffer gates are 
then conjiected to the remaining 11 boards on the t r a y holding the memories 
and then via a further 4 buffer gates 'on the boards to the reset inputs of the 
memories. 
The t r a y steerage logic i s contained inachass-is near to the spectrograph 
and i s shown i n Plate 2. 
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6.7 The Azimuth Trays.. 
Two Azimuth Trays are. used with the spectrograph. They are placed on the 
top of the spectrograph as shown i n figures 3.1 and 3.-2.-' The flash tubes used 
i n these ' trays-are of length 2,-5 m,'. mean external diameter 1.7-5 cm,, and 
f i l l e d with neon gas-to a pressure-of 60 cm of mercury. 
The ou"tBr. framework of. the trays i s made from the same material as the 
Momentum Selector and Measuring Trays and i s joined together i n a similar way. 
Similarly the f l a s h tube pattern i s the same as that used i n the Momentum 
Selector Trays..- The brass supports and d i g i t i s a t i o n shield were d r i l l e d as 
w.ith the previous trays,'the only difference being that the dural shield was 
made out of several sections- pinned together because i t was not possible to' 
obtain a length of dural of the required size of 22)4 cm x 10.2 cm'.. The 
electronics used w i t h the Azimuth Trays i s similar to that already described 
f o r the Measuring Trays.- The only difference i s that the columns are grouped 
together i n twos, t.hus making a column of eight.. There i s also a dummy column 
at the beginning of the tray, indicating the tray number and six dummy columns 
at the end f o r holding processed information. I n each Azimuth Tray there are 
.119 columns with four tubes per .colimn. Arranging the columns together i n 
pairs gives 60 columns. The l a s t column w i l l only be one half f u l l of relevant 
information, the remaining half w i l l be held permanently i n the o f f state. 
Thus, allowing f o r the se-ven dummy columns, there w i l l be 67 columns i n each 
Azimuth Tray. 
The- overall size of the trays i s 305 cm x 21|if cm x 12.7 cm and the high 
voltage electrode'has a size of 241 cm x 2^0 cm. Because, of the large size 
of the electrodes, the .electrodes are made-from two sheets joined together with 
the a.xis of the j o i n p a r a l l e l to the flash tubes. 
6.8 The Core Store' 
The core store,-which i s used t o store the d i g i t i s e d information of a high 
momentum event before; output to the computer, has a f e r r i t e memory capable of 
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storing 1024 8 b i t words.' The data input sequence to the core store i s 
controlled by the core store logic. The output sequence to the computer i s 
controlled by the computer and i t s a n c i l l a r y equipment- i n conjunction with the 
core store logic. 
A block diagr£im of the system used i n the spectrograph i s shown i n figure 
6.l6. Information can be stored , i n an eight b i t word by presenting the data 
on the eight data input lines to the core store... The address, of the location 
i s presented on the address;, input lines.. There are 20 address lines -corresponding 
to a 10 b i t binary number with i t s complement. Storage is obtained by applying 
a series of' input pulses to the core store,: Similarly,- events can be read 
from a. location s i g n i f i e d by the address lines by applying a further series 
of pulses t o the core store. 
Control of the core store and, i t s associated logic' is carried out by a 
master control c i r c u i t . This controls the order i n which, the- event information 
i s stored i n the co.re store and the control pulses f o r the write and read cycles 
of the core store. The c i r c u i t has input pulses' from the Momentum Selector 
via the t r a y steerage lo g i c , to sign i f y that the event i s a high momentum 
event; two inputs from the t r a y steerage logic,, one to indicate that, a flash-
tube column is required to be stored and the other to signify the end of the 
scanning; and an interrapt from the computer: during the readout phase to 
indicate that a core address has been presented and the data output i s required 
from the core store. The logic i t s e l f produces output pulses to the tray 
steerage lo g i c , t o x'estart the scanning; to the computer, to i n i t i a t e readout 
of the data;' and to the reset u n i t , to remove the paralysis a f t e r the event 
has been stored i n the computer. • 
The input pulse from the Momentum Selector i n i t i a t e s the readout of the 
d i g l t i a l information accompanying each event into the core store. The form 
of t h i s d i g i t i s e d information is di'scussed i n §6.9.- The computer address i s 
gated out from.the address- to the core store.. The data address l i n e i s obtained 
Ditc 
Sxoraq-t 
u to c 
JC V 
o 
2 
o» 
c 
U 3 0 
Cori! putc r 
4^  
c c o u 
CoKipoter | n l « f f o c e 
Logic Level Converter 
a. 
o 
O 
o u 
u Cf 0 1 C 
o t/ 
u. 
LL C7> O 
t,. 
a. «/ 
End Of Scone 
i_ 
M 
ty 1. 0 V) a 
< r>J >. '3» 
>. ». 
o 
«^  ty C 
o > 
_J ... 
CD 
0 • 
Doio To Dc 
Stored a-
H; <i h 
Momer tLTfi Q-
E V <f n t 
o w 
O 0 u 
2. U o 
a. 
IS. 3 
V) 
b 
< 
c 
0 •J G; •* > 
c 0 1- 0 0 e 
o 
6" 
_j m cC 
V a: *^ o 
1- 0 o 0 1. o a o 
si a. V 0 c 
o •H bD 
O 
o -p 
CO 
. ® 
• !H 
O 
o 
-p 
CH • 
o 
a U bO 
u cti 
•H « » c o o H 
— w fq 
H 
Q. . t: VD 
O 0 
O ;:3 
ts. 
•H 
I l l 
from a 10 b i t reversible binary scaler which starts at zero f o r the f i r s t 
address and i s incremented by 1 afte r the storage of each word. 
TQ s t a r t the recording of the information i n the core store, a pulse i s 
fed from the master control c i r c u i t t o the core store, t h i s pulse i s known 
as the start-.cycle pulse. This starts a write or read cycle i n the core store 
depending on the logic l e v e l on the readZ-ffrite l i n e from the master control 
circui-t. For a write cycle t h i s l e v e l i s a logical 0 and a logic a l 1 for a 
read cycle. After storage,a cycle completed pulse i s fed t o the master control 
c i r c u i t and the binary scaler. This increments the scaler by 1 and gates 
i n the next word of the information on the data input lines.- The st a r t cycle 
pulse i s then sent to the core store and the process repeated,. 
The information w i t h each event takes up the f i r s t eighteen words i n the 
core store. After t h e i r storage, an output pulse i s fed to the t r a y steerage , 
logic to s t a r t the scanning of the flash tube trays. When a column i s found 
holding information, a pulse i s sent to the master control unit and the scaler 
number f o r that column, which i s the reading of scaler ( i ) of the readout logic 
described i n §6.6, i s fed i n t o the core store. This i s an 8 b i t B. CD. number 
so i t i s accommodated by one word. Similarly, the next word stores the flash 
tu\>e information f o r the column. 
The storage of each relevant flash tube column i s continued u n t i l the end 
of scan pulse i s re;ceived from the t r a y steerage logic or the core store i s 
f u l l , whichever comes f i r s t . Normally,the core store should never be f u l l 
during an event- as i t has space f o r 503 columns of flash tubes with the column 
number and f l a s h tube configuration. The maximum number of columns i n the 
Measi.-iring and Azimuth trays i s 614. This number includes the dummy columns 
f o r the tray i d e n t i f i e r and storage of processed information. So i t can be seen 
that there would p r a c t i c a l l y have to be nearly one tube i n every column which 
has flashed i f the core store i s f u l l before the end of the scan. This core 
ato.re f u l l pulse has been incorporated as a precaution. 
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When the end- of scan pulse or core store f u l l pulse i s received, -fche address 
lines from, the 10 b i t binary scaler are vetoed and the computer address lines 
gated open. The 10 b i t binary scaler -is put in t o i t s reverse mode. A pulse 
i s then sent t o the computer by the master control c i r c u i t t o indicate that 
information i s required to be stored.. As mentioned previously, the computer-
i s also used to control measurement of bubble chamber tracks by scanning machines. 
Hence there w i l l be a delay between the computer interrupt and the readout of 
information from the core store, depending on whether the computer i s i n use. 
When the computer i s ready, a pulse i s sent to the master^control c i r c u i t . 
This indicates that an address has been supplied to the core store and readout 
of the data i n the address, i s required.. This produces a start cycle pulse to 
the core store, with the read/write l i n e i n a logic a l 1 state. 
After the readout of the data f o r that address,the 10 b i t binary scaler i s 
decreased by 1 and a further address i s supplied by the computer accompanied 
by a pulse to the master control c i r c u i t as before. The process i s repeated 
f o r a l l the addresses which hold information. The end of information is 
s i g n i f i e d when the 10 b i t binary scaler reaches zero;- This produces an output 
pulse from'the master control unit to the reset unit to provide pulses f o r thememory 
rese-fe ra-idtoremove the parglysis., A ninth b i t l i n e to the computer i s also 
turned on to indica.te to the computer that a l l the information has been 
stored. 
The data output lines from the core store are fed into special driving 
gates used f o r feeding pulses through long cables. The cable used to the 
computer .is a 25 way cable each wire being i n d i v i d u a l l y screened. 
The computer also has control of up to six measuring machines. A special 
Interface i s thus required f o r control of the input and output lines from the 
computer. However the logic levels f o r the interface are+i8 volts for a lo g i c a l 1 
and 0 volts f o r a l o g i c a l 0. The core store logic has a maximum voltage of+4 volts 
:for a l o g i c a l 1. Hence the outputs from the core store logic pass through a 
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logic l e v e l converter before input .to the interface.- Similarly,the outputs 
.from the interface to the core store logic also pass through the logic level 
converter-to reduce the voltage le v e l f o r a lo g i c a l 1 to the+4 volts required 
f o r the core storei.-
The data from the core store ark presented i n 8 b i t words. The computer 
uses l 6 b i t words. The. interface thus joins two 8 b i t words together and 
stores i t i n the computer as a l 6 b i t word. Thus one l6 b i t word i n the 
computer contains the information on the f l a s h tube cclumn and tube configuration. 
The words f o r the events are stored i n a part of the computer core allocated 
f o r t h i s purpose.. 'When the wo2Pds stored are equal to 320 l6 b i t words^this 
sector i s transferred to disc storage, and the sector f i l l e d again. The 
transfer occurs as soon as the sector i s f u l l so i t could occur during the 
reading of ap. event from the core store. This has no effect on the storing 
as the 320 words are stored sequentially on the disc. 
6. 9 The Digitised Information Recorded with each High Momentum Event. 
6.9ol Introduction 
When a high momentum event i s flagged from the Momentum Selector, d i g i t i s e d 
information on the event i s fed into the core store together with the flash 
tube data as explaj.ned i n §6. 8. This information w i l l be required i n any 
subsequent analysis of the events. The following information is stored with 
each high momentum event: event number, time of the event, the date,- the magnet 
c o i l current, the ro,agnetic f i e l d direction, the t r i g g e r mode, and the 
atmospheric pressure. The c i r c u i t s f o r d i g i t i s i n g the required information are 
described below. The c i r c u i t s are assembled i n special chasses mounted i n 
racks near to the spectrograph. Plate 2 shows the positionsof these c i r c u i t s . 
6. 9. 2 The Event Number 
The c i r c u i t f o r the event number i s shown i n figure 6.17(a). The event 
number i s displayed on a counter consisting of six decade counters suitably 
joined. The counters are of mechanical form, each decade adds one to i t s 
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value when a pulse of 24 v o l t s i n height and length 50 ms i s applied to a 
solenoid inside the counter. 
The counter i s driven by a 24 v o l t relay which is triggered by a pulse 
from.the reset unit when a high momentum event i s flagged. This pulse i s 
delayed by 50 ms for the reason explained below and then triggers a monostable 
c i r c u i t which.produces-an output pulse of length 50 ms." This monostable pulse 
i s fed after- inversion into the base of a BFY 52 npn transistor and thi s triggers 
the 24 v o l t relay, whose c o i l i s the collector resistance of the transistor, 
and the counter i s incremented by one. The counter can be checked by feeding 
int o the c i r c u i t pulses from a multivibrator o s c i l l a t i n g at 2 pulses per second. 
The mult i v i b r a t o r only triggers the counters when thei push button switch i s 
down. The counter i s reset to zero by placing the count/reset switch i n the 
reset mode and applying input pulses from the.multivibrator. 
The counter displays i t s value i n decimal form. The digit i s e d output i s 
required i n binary coded decimal (B.C.D.) form for storage. Use is thus made 
of the decade contacts on the back of each counter,. There are eleven outputs 
on each decade corresponding to the numbers O.to 9 and a common line.: ' When an 
output number i s indicated on the counter, the switch between the number and 
t'iie common l i n e i s closed and the other nine outputs are open.. Each decade 
then has a decimal to B.'C.D, code converter as shown i n figure 6.17(b). -When 
the decade i s connected to the code converter, the input to the code converter 
f o r the number indicated on the decade counter-is at lo g i c a l 0 level and the 
rest of the inputs are at l o g i c a l 1 lev e l produced by the 330 ohm resistors 
connected to the +6v power l i n e . The code converter then converts this number 
at the output in t o B.C.D, form of length 4 b i t s . The six decades of the counter 
s.re thus converted into B.C.D, form of t o t a l length 24 b i t s . 
Because of the slow changeover of the number, the previous event number 
is recorded by the core store, as the number cannot change i n the time between 
a high momentum event being indicated to the core store and the readout of the 
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event niimber -to the core store. During the 5.0 ms delay time b u i l t into the 
c i r c u i t , the event number i s read in t o the core store.-
6. 9.-3 The Time of the Event, 
The c i r c u i t f o r d i g i t i s i n g the time' of the event i s as shown i n figure 6,18, 
The c i r c u i t i s triggered every second by the electronic sensing head. This 
device gives an output pulse whenever a metal vane is inserted between two 
sensing heads. - Normally the output is at +6 volts with respect to the common 
li n e . When a vane i s inserted i n the device the output changes to zero -volts. 
The output stays i n t h i s state u n t i l the metal vane i s removed from the device 
and then the output - returns t o +6 volts.. For the purpose of a clock t r i g g e r , 
four metal vanes are arranged i n a windmill shape which i s driven by an elect r i c 
motor at 0.-25'revolutions a second such that an output pulse i s obtained from 
the device every second.- The pulse from the sensing device i s then passed into 
a mpnostable c i r c u i t to produce an output pulse of length. 1 i-is which i s then 
used to t r i g g e r a series of special B.C.D, scalers which record the time of the 
event i n hours,; minutes,, and seconds on the 24 hour clock system. 
The scalers used i n the c i r c u i t 'are not the normal B. C,D, decade type but 
are composed of. two 0 to60B, CD. scalers and a 0 to 24 B. C, D. scaler joined 
i n series. The scalers - are arranged as shown i n . figure 6,18 such that they 
record the-time of the event i n seconds,; minutes and hours. The b i t s of the 
scalers are made from Mullard integrated f l i p - f l o p s type FCJ 101. 
When scaler 1, the scaler recording the seconds, reaches 60 events 
i t i s reset t o ze]?o and gives an output pulse to scaler 2, which records the 
minutes-j and t h i s adds one on to the reading of scaler 2,' When scaler 2 
reaches 60 counts,,it i s also reset to zero and gives an output pulse to the hour 
scaler, scaler 3, Scaler'3 resets to-zero when i t reads 24,'- Indicator bulbs 
are connected to the outputs of each scaler so the time is indicated on a 
visual display. 
When, the power i s applied to the c i r c u i t , the clock w i l l record a rundom 
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time which depends on the resultant output states of the f l i p - f l o p s used i n the 
scalers./ A reset device has thus been incorporated i n t o the c i r c u i t which w i l l 
reset the clock to any given hour. This hour i s set on two decade switches,, 
whose fronts are b u i l t i n t o the front panel of the chassis containing the clock 
c i r c u i t . These decade switches also have outputs at the rear of the switch 
corresponding t o the numbers 0 to 9 i n the decade and a common output.. When 
a number i s shown on the front there i s a short c i r c u i t between the common and 
the output f o r the number on the f r o n t . The two decade switches are assembled 
i n the c i r c u i t as shown i n figure 6.18. The unit decade switch i s fed into a 
decimal to B, C-. D, code converter. Only the 10 .and 20 outputs of the ten decade 
switch are used. 
Normally,the decade switch outputs are held at a logic a l 1 level by the 
330 ohm resistors connected t o the +6 v o l t power lines which allows the time 
to be recorded i n the normal manner. A push button switch i s connected to the 
common output, the other terminal of the switch being connected to the common 
of the power l i n e s . The switch i s nomally open. When the switch is closed, 
the second and minute scalers are reset to zero and the hour scaler to the time 
indicated on the hour decade switches.. The count starts when the resetting switch 
i s released,: 
6 .9 .4 The' Date of the Event 
The date i s produced i n days, month, and year. The day output i s i n B. C.D. 
code, the month output i n binary code, and the year output i n B.C. D, code. Only 
the tens and units of the year are recorded. 
The c i r c u i t f o r the day and month recording is shown i n figure 6,19. The 
da.y i s recorded on a B„C.D, scaler which can count from 1 to a maximum value 
of 3I0 '^ he day i s set i n i t i a l l y by means of a single shot device which i s 
triggered by push button switch. When the button i s pressed the reading of 
the day scaler i s incremented by one,- The day scaler is triggered from the clock 
c i r c u i t ( figure 6.18) whever the clock passes through zero time. 
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Because of tlie variation i n the number- of days i n a month, the end of a 
month i s s i g n i f i e d by the use of the decade switches as shown i n figure 6.19.. 
These switches are the same as those used i n setting the time and are b u i l t 
into the fr o n t of the unit.- The number of days i n a given month plus one i s 
indicated on the decade switches.. The outputs at the rear of the switches pass 
•tjhrough,a decimal to B.C.D, code converter as shown i n figure 6,.19„- For the ten 
decade switch only the 10,- 20 and 30 switches are used,. The B.CD, number from 
the decade switches .-l.s.. then compared with the B, C.D. niomber on the day scaler 
using binary compe.ratorso When agreement i s found, a pulse is fed to the month 
sqaler and the day scaler resets to 1 . 
The month scaler i s a binary sealer, of four b i t s , A binary code i s used 
rather than: B.C.D, code because i n binary the month can be represented by four 
b i t s compared wi t h f i v e b i t s i n B.CD. code.- The scaler i s triggered by an 
output pulse from the day scaler when the day scaler resets to one.- The form 
of the binary scaler i s described i n Appendix A, 
To obtain the correct day and month after a power interruption or other 
similar cause,- use i s made of the single shot device.' Pulses, are fed into the 
day scaler which at the end of a month triggers the month scaler. This i s 
aohi,eved quickly by setting the decade switches corresponding to the days i n 
the month' to a low value. When the month scaler i s at the correct value,the 
day scaler i s set to the required day and the decade switches set to the number 
of days- i n a month plus one. 
The unit and ten decades of the year are on two decade switches on the• 
f r o n t , of the chassis,: The outputs at the rear of the switches are the inputs 
to a decimal to B.C.D. code converter, whirh-.thus converts the year value 
into, the corresponding B.CD. number. 
6 /9 ,5 The Magnetic Field Direction 
The magnd; can be operated under' normal running mode with the magnetic 
f i e l d zero, or with the magnetic f i e l d on i n one of two. possible f i e l d 
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directions. These two f i e l d directions are known as the positive and. negative 
field, directions according to a convention. The magnetic f i e l d direction i s 
defined to be positive i f i t i s i n the direction North to South i n the Blue side 
ar^ d^  negative, i f i t 'is i n the opposite direction i n the same side. 
The c i r c u i t f o r d i g i t i s i n g the f i e l d direction i s shown i n figure 6.20. 
The f i e l d d i r e c t i o n i s recorded by the use of two microswitches fixed on one 
of the reversing switches, which control the current direction i n the energising 
c o i l s . In the case when the magnetic f i e l d i n of f ^ the output f o r zero f i e l d i s 
at a l o g i c a l 1 l e v e l and the outputs f o r the positive and negative f i e l d directions 
are at a l o g i c a l 0 le v e l . When the f i e l d i s on^the output corresponding to the 
f i e l d d i r e c t i o n i s i n the l o g i c a l 1 state and the two other outputs are i n the 
l o g i c a l 0 state.' 
6,9.6, The Magnet Coil Current. 
The.current flowing through the magnet coil s i s recorded on an ammeter 
on thQ r e c t i f i e r unit.- The value of t h i s readirig i s the t o t a l current from the 
supply before i t i s divided into two f o r the two p a r a l l e l c o i l s across the 
output from the r e c t i f i e r . 
At the s t a r t of each run the value of t h i s current i s noted and recorded 
an three decade switches-of the type used fo r the time and date resets. The 
outputs at the back of each decade switch are fed into a decimal to B.C.D. 
converter. The current i s thus represented by 12 b i t s of a B.C.D. number. 
6.9 .7 The Trigger Mode. 
The c i r c u i t f o r the t r i g g e r mode i s shown i n figure •6 .21. The unit records 
the side through which a three f o l d coincidence between the s c i n t i l l a t o r s has 
been detected and also when particles passed through both sides instantaneously. 
I t i s controlled 'oy pulses from the coincidence unit and also informs the d i g i t a l 
dsivice R.U.D.I, which side has been triggered. The previous side, or sides, 
t o produce a coincidence pulse i s recorded on the output u n t i l the next event 
i s triggered. The input pulse i s of length 1 (is and i t f i r s t resets a l l the 
S w i tc h Oft ^ 
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3 3 0 ^ j 
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Fig^jre 6.20 The Circuit f o r D i g i t i s i n g the Magnetic 
Field Direction.. 
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Figure 6 ,21 The Circuit f o r D i g i t i s i n g the Trigger Mode. 
U 9 
memories and then sets the required memory by passing through a moncetable 
which lengthens the pulse to 5 |Js and thus sets the memory af t e r the 1 [is 
reset pulse. The outputs from the memories are fed to the core store and are 
also displayed on indicator bulbs on the front panel. 
6 .9 .8 The Atmospheric Pressure 
In order to :>record the atmospheric pressure,use i s made of a pressure 
transducer connected to a d i g i t a l voltmeter. The c i r c u i t i s as shown in 
figure 6.22. The pressure transducer i s of the strain gauge variety i n which 
the atmospheric pressure causes a change i n the balance point of a Wheatstone 
Bridge arrangement of s t r a i n gauges. The pressure transducer i s driven by a lOv, 
power supply and gives an output between Ov. and +5v. depending on the pressure. 
The d i g i t a l voltmeter i s set on the +2v, range and the potentiometer adjusted 
u n t i l the voltmeter reads twice the atmospheric pressure*, for example, a 
pressure of 76 cm of mercury would produce an output on the d i g i t a l voltmeter 
of 1.52 volts. 
The d i g i t a l voltmeter provides the output i n B.CD. form automatically. 
However negative logic i s used i n which a l o g i c a l 0 i s represented by a voltage 
between Ov. and -Iv . and a l o g i c a l 1 by a voltage between -5v , and -12v, 
This has to be co:-averted in t o positive logic for use with the integrated c i r c u i t s 
used i n the spectrograph. An integrated c i r c u i t device known as a l e v e l detector 
i s used. This i s a device whose output changes state when the input signal 
exceeds a certain t r i p p i n g value set by an external resistance. Each b i t of 
the B.C.D. output from the d i g i t a l voltmeter i s applied to a level detector 
input as shown i n figure 6.22. The external resistor (82fl) i s chosen such that 
the t.ripping value i s between the two extremes of the logic levels. 
The voltage on the input to the d i g i t a l voltmeter is sampled on the 
application of a sample pulse to the voltmeter. The output from the voltmeter 
between these sam.ple pulses i s the input voltage at the las t sample pulse. The 
time required to sample the input voltage i s about ^0 ms so the voltage fed 
+6 V. 
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Figure 6.22 The Circuit f o r D i g i t i s i n g the Atmospheric 
Pressure. 
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to the core sto:re is the pressure corresponding to the previous event. This 
i s not detrimental as the previous event w i l l only have been a few seconds 
before. 
The sample pulse f o r the voltmeter is obtained from the coincidence unit 
and i s delayed by about 450 [is as shown i n figure 6.22 to enable the core store 
to feed i n the voltage f o r the high momentum events, before the sample pulse i s 
received. 
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CHAPTER 7 
The Method of Analysis of the' Spectrog.raph Data 
7 . 1 Introduction 
This chapter discusses the analysis of the spectrograph data to' determine 
the momenta of particles traversing the spectrograph. The analysis can be 
divided i n t o two related sections; one section i s concerned with the selection' 
of high momentum events by the Momentum Selector together with the var.iation 
of the e f f i c i e n c y of detecting a high momentum event with incident momentum, 
and the other section with the analysis of high momentum events using the data 
i n the Measuring Trays. An estimate of the m.d.m. of the spectrograph i s made 
using the c e l l width d i s t r i b u t i o n s f b r the Measuring Trays which was discussed 
i n §6 .3 . Also discussed b r i e f l y i s the e.ffect of multiple scattering in the . 
magnet blocks on the estimation of the momenta of the incident particles 
and. the v a r i a t i o n i n the acceptance of the spectrograph with incident particle 
mpmentum. • 
7.2 The Efficiency of the Momentumi Selector 
Figure 7 .1 shows the co-ordinates of a pa r t i c l e which passes through the 
Momentum Selector Trays at positions a, b, and c from the start of the 
measuring l e v e l i n each tray. The measuring levels are assumed to start from 
the same v e r t i c a l plane. 
The deflection. A,of the p a r t i c l e i s defined as shewn i n figure 7 . 1 . 
From the similar triangles ADB and SIF we have 
b - a _ X 
\ ^ h 
Hence . - x n l^Cb - a) 
h '-^ 
Also EC = c - b = A+x 
Hence A = c - b - x 7.2 
1, 
In T r o y A 
M e o K u r i ng L ^ v e l 
l a T r 0 y B 
M e o t u r i n g L e v e l 
In T r a y C 
Figure 7.1 The Co-ordinates and Deflection of a Particle 
Measured i n the Momentum Selector Trays. 
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Substituting f o r x from equation 7,1 into equation 7.2 we have 
A = c - b - 1 (b - a) 
i • 
Defining k to' be given by the r e l a t i o n 
1. 2 
1~ 
= 1 + k, 
1 
equation 7.3 becomes 
A = c - b - (l+k)(b - a) 
pr A = a + c - 2b - k(b - a) 7 ,4 
Now for the spectrograph 1 ^ and 1^, can be measured and have the mean values 
f o r both sides of the spectrograph of 1 ^ = 3.195m and 1^ = 3 .141 m. 
Hence 1 ^ = 0.983 and k = -0.017 so equation 7 .4 becomes 
^1 A = a + c - 2 b + 0.017 Cb - a) 7.5 
Equation 7.5 has been derived from the traje c t o r y when any value of 
a, b, and c can be used. I n practice, the position of the par t i c l e i s known only 
to c e l l s of width 5 mm and the deflection A i s measured i n terms of c e l l numbers. 
The Momentum Selector measures A , where A i s given by the equation 
A' = a' + c' - 2b' . 7 , 6 
In equation 7.6, a' , b', and c' are the numbers of the three 5mm wide cells 
the p a r t i c l e traversed, so no correction i s made f o r the unequal arms of the 
measuring levels. This correction, however, i s small; the maximum effect would 
be to give the p a r t i c l e an additional deflection, when measured i n c e l l widths, 
of * 2 c e l l s . 
The mixing of adjacent c e l l s i n the s h i f t registers of the Momentum Selector 
Trays A and C results i n a high momentum event being accepted i f A* has one of 
the integer values between -2 and +2. There i s thus a wide range of deflection 
over which the p a r t i c l e traversing the spectrograph w i l l be accepted as a high 
momentum event. To investigate the efficiency of detecting a high momentum event 
as a function lof-the iincident momentum, the. passage of- particles- of. various momenta 
and z e r i t i angles was simulated through the spectrograph using •. 
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a computer. A magnetic f l u x density of 16.3 kilogauss was assumed t o be present 
i n each ma,gnet block and the effect of the gaps between the blocks was taken 
into account. The effects of energy loss and multiple scattering on the t r a j e c t o r j 
were neglected. 
By symmetry, particles having the same incident momentum but incoming angles 
on the oppasite side of the v e r t i c a l w i l l have the same numerical value for. the 
deflection (.neglecting the sign) i f they have equal and opposite charge and 
the same value for the incoming angle. Hence the passage of particles having 
both positive and negative deflection was simulated through the spectrograph 
f o r given values of momentiim and projected zenith angle. 
For a pa r t i c l e of given momentum and projected zenith angle, the positions 
of the p a r t i c l e i n the three Momentum Selector Trays could be found. Then, 
assuming that the efficiency of correct c e l l determination i s IQOfo, the particle 
could be allocated to three 5™i wide c e l l s . The efficiency f o r the detection 
of the p a r t i c l e as a high momentum event was found by determining the various 
c e l l s the pai'ticle could traverse i n the three trays over a c e l l width. I f , f o r 
a given position, the calculated deflection, when measured i n c e l l widths, was 
i n the allowed range, then the event was accepted as a high momentum event. The 
efficiency i s defined as the fr a c t i o n of the c e l l width over which the event i s 
accepted as a high momentum event. For a given projected zenith angle, the 
efficiency was determined f o r both signs of deflection and the average taken as 
the overall efficiency f o r the given projected zenith angle and momentum. 
The varia t i o n i n the efficiency as a function of the incident momentum i s 
shown i n figure 7.2 f o r two values of incident angle. Figure 7 .2(a) shows 
the i-ariation f o r particles incident i n the v e r t i c a l direction and figure 7 .2(b) 
the v a r i a t i o ] ! f o r particles incident at 3 ° to the v e r t i c a l . The sharp peaks 
i n the curves are due t o the effect of the c e l l edges where a small change i n 
position of the p a r t i c l e w i l l move the position into a c e l l which does not f i t 
the selection c r i t e r i a . 
0.8h 
2 0 0 6 0 0 3 0 O 4 0 0 5 0 0 
Momentum CGC'V/C) 
Figure 7.2(a) The Variation in-the Efficiency of the 
Momentm Selector, f o r Particles Incident 
at 0'-', with Momentum. 
lOO 2 0 0 3 0 0 4 0 0 5 0 0 
Momentum ( G e V / c ) 
6 0 0 
Figure 7.. 2(b} The Variation i n the Efficiency of the Momentum 
Selector,for Particles Incident at 3° with 
Momentum. 
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The above analysis has been f o r the ideal case, i n which the particle 
i s allocated by the logic to the correct c e l l . I n practice t h i s i s not the case, 
i t was shown i n g5.6 the correct c e l l allocation depends on both the position 
and the angle t o the v e r t i c a l of the par t i c l e i n a tray. As the mean overall 
efficiency of correct c e l l determination i s 87^, the above efficiency variation 
w i l l be a good approximation to that expected experimentally, 
7.3 The Equation of Motion of a Charged Particle i n the Spectrograph. 
The t r a j e c t o r y of a p a r t i c l e through one side of the spectrograph i s 
determined by the f i v e Measuring Trays f o r the particular side. Figure 7.3 
shows the t r a j e c t o r y of a singly charged p a r t i c l e of momentm i n the deflection 
plane of p ev/c passing through one side of the spectrograph i n a uniform magnetic 
f l u x density of B gauss. Cartesian axes Ox.,,0y are drawn as shown i n figure 7.3 
and axis Oy i s chosen so that i t i s the measuring level of Measuring Tray 3. 
The measuring le v e l f o r a Measuring Tray i s shown i n figure 6 , 1 . 
I f the ener-gy loss i n the magnet is small and the magnet i s considered to 
be a continuous medium of iron then the par t i c l e moves i n a circular path i n 
the deflection plane of radius pcm given by equation 2 ,4. 
The equation of the traje c t o r y i n figure 7,3 i n terms of the cartesian axes 
i s given by 
(x - P).^ + (y - qf 7.7 
where (P,Q) are the co-ordinates of the centre of the c i r c l e . 
From equation 7.7 we have 
y = Q+ P \l / x - p V 
V P / 
7.8 
For high momentura par t i c l e s [x - p| « p . This can be seen to be v a l i d by 
considering the motion i n the spectrograph of a pa r t i c l e of momentum 300 GeV/c. 
Using equation 2 ,4 w i t h B equal to the value of the magnetic f l u x density i n 
4 11 2 the magnet (1 .63 x 10 gauss) and p equal to 3 x 10 e\^ ,we have/) ~ 6 .1 x 10 m. 
For the spectrogi-aph, x varies between - 3. l77m and 2.989m and P i s of the order 
Axie A long M e o a u r i n g L e v e l 
O t M e a s u r i n g T r o y In L e v e l 3 
> y 
Mognctic F ie ld Region 
( N e g l e c t i n g Magnet G o p s ^ 
Figure 7.3 The Passage of a Singly Charged Particle P&,ssing Tl-u:ough 
One Side of the Spectrograph with Cartesian Axes as shown. 
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of the spectrograph dimensions. Hence the above approximation is valid. 
Using t h i s approximation, equation 7,8 can be expanded binominally, 
which gives 
y = Q + p (4 - X -
- 2 - 2 
The signs of the coefficients indicate the direction of curvature of the 
tr a j e c t o r y i n the magnetic f i e l d and hence the sign of the charge of the 
p a r t i c l e i f the f i e l d direction i s known. 
Equation 7 ,9 can be wr i t t e n i n the general form 
2 
y = ax + bx + c 7,10 
The co-ordi.nates of the p a r t i c l e trajectory are measured at the 
f i v e Measuring Trays. The x co-ordinate f o r a given t r a y i s the same fo r 
a l l events, i t i s the distance from the o r i g i n of co-ordinates to the measuring 
l e v e l of each tray. These x co-ordinates have been measured f o r the s c i n t i l l a t i o n 
counters, and the flash tube trays. For the flash tube trays the distances have 
been measured to. the measuring l e v e l i n the trays and the positions of the 
mid point of the s c i n t i l l a t i o n counters have been used f o r t h e i r co-ordinates. 
The X co-ordinates f o r the components i n the spectrograph are shown i n figure 7 .4 . 
The y co-ordinates f o r each tr a j e c t o r y are measured by analysing the flash tubes 
which have flashed along a track i n a tray , using the II30 computer. ' 
The coefficients a, b, and c i n equation 7.10 are found by the method of 
least sqmres' as shown i n Appendix C. The value of the coefficient a then gives 
the momentum as comparing equation 7 .9 with equation 7.10 we have 
a = ^  1 
2p 7,11 
Hence substituting f o r p from equation 2 ,4 into equation 7.11 and re-arranging, 
we have 
p = + 15OB eV/c 7,12 
a 
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- 3 . 6 5 2 | , 
- 3 . 4 6 S 
- 3 . 3 3 1 
- 3 - 1 7 7 
- j A z i m u t h T r o y 
- 1 . 7 3 5 
0 - 2 7 3 
0 . 1 3 8 
O - O 
1 - 4 2 1 
2 . 8 6 8 
2 - 9 e . 9 
3 - 1 6 5 
—I M o m e n t u m S e l e c t o r T r o y 
~i S c i n t i l l a t i o n C o u n t e r 
•4 M e a s u r i n g T r o y 
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Figure 7 . 4 Thex Co-ordinates of the S c i n t i l l a t i o n 
Counters and Flash Tube Trays i n the 
Spectrograph. 
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126 
i f B i s measured i n gauss and a i n cm."''. The sign of a i s obtained from the 
least squares f i t of the points and gives the sign of the particle i f the 
f i e l d d irection i s known. 
Equation 7.12 can be applied to the spectrograph by using the mean magnetic 
f l u x density of 1,63 x 10^ gauss f o r the value of B i n equation 7.12. Hence 
substituting i n equation 7,12 and neglecting the sign we have 
P = 0°245 &ey/c 
a 7.13 
when a i s measured i n m 
The equations f o r the motion of the p a r t i c l e ' i n the spectrograph assume that 
the magnet i s a continuum of i r o n , when i n fact t h i s i s not the case. To 
investigate the effect of the gaps i n the magnet blocks, particles of various 
momenta and incident angles were simulated through the spectrograph using a 
computer. Account was taken of the gaps between the magnet blocks and the 
co-ordinates of the t r a j e c t o r y i n the f i v e Measuring Trays were found. The 
effect of multiple scattering and energy loss i n the magnet blocks were neglected. 
These co-ordinates were then used to f i t a curve of shape given by equation 7.10 
using the method of least squares. The momentum given by equation 7.13 could, 
then be compared with the true momentiam. 
Figure 7.5 (a) shows a graph of calculated momentum against true momentum 
for an incident angle of 0° and figure 7 .5(b) the graph f o r an incident angle 
of 5 ° to the v e r t i c a l . Figure 7.6 shows the variation i n the r a t i o of the true 
momentum to the observed momentum over the zenith angular range f o r an incident 
momentum of 500 &eV/c. The graphs show that there i s only a small variation i n 
the r a t i o of true momentum to calculated momentum over both the momentum and zenith 
angle ranges. The r a t i o i s taken to be 0.8 f o r a l l ranges and equation 7.13 i s 
reduced by t h i s factor to give 
P = 0.196 &eV/c 7.14 
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Equation 7 ,14 has been derived for the case when f i v e co-ordinates are 
known f o r the track. I n general, t h i s may not be so as the flash tube tracks 
i n one or more trays could be distorted due to accompaniment or an interaction 
i n the magnet block above the tray producing a cluster of discharged tubes i n 
the tray. 
The coefficients of the quadratic equation f o r the trajectory of the 
pa r t i c l e i n the spectrograph can be determined i f 3,4?^or 5 co-ordinates are 
used. This i l l u s t r a t e s an important property of the spectrograph, a measurement 
can s t i l l be made on the momentum of a traversing particle i f as few as three 
co-ordinates are known f o r the trajectory. 
I n a similar manner to the method described above, a correction has to be 
made to the calculated momentum f o r the 3 or 4 point f i t s used f o r the 
determination of a traj e c t o r y . 
7 . 4 The Maximum Detectable Momentum of the Spectrograph 
The maximum detectable momentum (m.d.m.) of a spectrograph was defined i n 
g 2 . 1 as being the momentm of that p a r t i c l e , whose deflection i s equal to the 
standard deviation of the error i n the deflection. For MoA.R,S,, the momentum 
of a p a r t i c l e i s bbtained from equation 7.14 i f a fi v e point parabola f i t i s 
possible on the track of the p a r t i c l e . Hence using the above d e f i n i t i o n , the 
m.d.m. of the instrument, -Bndm, i s given by 
Pmdm = % ^ GeV/o 7,15 
' a 
where o" i s the standard deviation of the co e f f i c i e n t , a,- of x i n equation 7.10i 
a 
An expression f o r cr^is derived i n Appendix D i n terns of the x co-ordinates of the 
meas!rr.ing levels i n the Measuring Trays. The expression i s 
cr . = :cr 
Sx^ (rEx^ - (^x^f) - in(^xlf -2Sx.Sx|:x^ + CSx^)^) 7.l6 
where x. i s the x co-ordinate of the i t h Measuring Tray, n i s the number of trays 
used i n the curve f i t t i n g , and d" i s the standard deviation of the measurement 
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i n the measuring levels. The summation symbols used i n equation 7,l6 i s 
n 
equivalent to the symbol y 
i ^ 
For a f i v e point parabola f i t n = S^ so equation 7,l6 simplifies, a f t e r the 
summation process, to 
^ 8,827 7.17 
i f cr and x. are measured i n metres. 
y 1 
Hence substituting f o r cC from equation 7.17 in t o equation 7.l6 va h&Ye 
a 
Pmdrn = 0.196 x 8. 827 GeV/c 7.18 
GT 
y 
I n § 6.3 a d i s t r i b u t i o n f o r the discrepancies of a p a r t i c l e from the centre 
of a p e l l was obtained and i s plotted i n figure 6 ,4. The discrepancy 
distj-ibution has a standard deviation of 0.3 mm. Hence taking t h i s value asi 
being equal to Q'. we have f o r the m,d.m, : 
y 
Vtiiim = 5770 GeV/c 
As a check on t h i s value of momentum for the m.^ .m, of the instrument, 
a Monte Carlo calculation was carried out on 9990 particles passing through the 
spectrograph when the position of a p a r t i c l e was taken to be i n a c e l l obtained 
from the flash tube pattern; .Ghe variation i n the weighted mean c e l l width as a 
function of angle i s shown i n figure .6.2 f o r the flash tube pattern used i n the 
Mieasuring Trays. A pr o b a b i l i t y function f o r the weighted c e l l widths i s shewn 
i n figure 7,7. I t i s seen that an approximate square d i s t r i b u t i o n i s obtained 
over an appreciable range, which i s shown i n figure 7o.7. I t was thus assumed 
•t;hat c e l l , widths between the values 0.19 mm and 1.56 mm, where the probability 
f a l l s to one ha l f of i t s plateau value, were passible with equal probability. 
A Monte Carlo computer programme was then used to predict a c e l l width 
over t h i s range and the position of the pa r t i c l e i n the c e l l . Five of these 
points were then used as the y.cocrdinates of the track of a particle of i n f i n i t e 
momentum traversing the spectrograph. The momentum corresponding to the 
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t r a j e c t o r y was calculated using the least squares parabola f i t and equation 7.14, 
The process was repeated f o r a t o t a l of 9990 events. A histogram of V p s ^ e r e p 
i s the calculated momentum i n G-eV/c^  f o r the events i s shown i n figure 7 .8 , 
The d i s t r i b u t i o n has a standard deviation of 1.43 x 10 ^  GeV/c"corresponding to 
a momentum of 6995. G-eV/c. 
This value of momentum i s i n good agreement to that obtained f o r the m.d.m, 
of the spectrograph using a r.m, s. positional uncertainty of 0.3 mm i n each 
measuring l e v e l . The higher value obtained with the Monte Carlo method could 
be due to neglecting„the effect of the t a i l i n the probability d i s t r i b u t i o n of 
weigthed celL widths, which would broaden the d i s t r i b u t i o n i f included. 
7,5 The Effect of Multiple Scattering on the Momentum Determination 
The equations used to determine the momentum of a particle traversing the 
spectrograph have neglected the effect of multiple scattering i n the iron of 
the magnet. The ra t i o of the r.m, s. angle of scatter to the magnetic angular-
deflection f o r the spectrograph is approximately 12^. However, for a single 
magnet block the r a t i o i s higher by about a factor of 2 on the value for the 
instrument as a whole and t h i s could be reflected i n a higher momentum uncertainty. 
To investigate the effect of scattering on the momentum determination, 
particles of known momentum were simulated through the spectrograph by a' computer. 
The pa r t i c l e s entered the spectrograph veartically, no energy loss was assumed, 
and a f t e r traversing each block were subjected to a further angular deflection 
superimposed on t o the magnetic deflection f o r the block. This additional 
deflection was selected by a Monte Carlo tecimique from a Gaussian d i s t r i b u t i o n 
of the multiple scattering angles, with the mean of the d i s t r i b u t i o n equal to zero 
and the standard deviation given by equation 2 , 1 with t of equation 2 . 1 equal • 
to the thickness of the block. The process was repeated for each block i n turn. 
The effect of fur t h e r multiple scattering i n the flash tube trays and s c i n t i l l a t i o n 
counter of l e v e l 3 were neglected. 
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From the output positions and angles to the v e r t i c a l f o r the particle 
leaving the blocks, the co-ordinates of the position of the particle i n each 
measuring l e v e l could be determined. The co-ordinates were then used to 
f i t a f i v e point parabola f i t and the momentum determined using equation 7.14» 
The procedure was repeated f o r 1000 events f o r several values of incident 
momentum. 
For each value of momentum, the standard deviation of the d i s t r i b u t i o n 
was calculated and i n figure 7^9 the r a t i o of the standard deviation, cr^, t o 
the incident momentum, p, i s plotted as a function of the incident momentum, p. 
Figure 7,10 shows the d i s t r i b u t i o n obtained f o r particles of 500 G-eV/c incident 
momentum. This d i s t r i b u t i o n ha* a mean of 508,2 GeV/c and a standard deviation 
of 59'. 9j GeV/c. 
cr 
The results plotted i n figure 7»9 show that the r a t i o _£ i s app.ro.ximately 
P 
constant over a l L values of momenta and equal to the expected value, when 
considering the spectrograph as a whole., of 12^. However, the analysis shotild 
only be considered as preliminary as no account has been taken of the effect 
of l a t e r a l scattering, which w i l l be superimposed on the magnetic l a t e r a l 
deflection. 
I t can be seen from figure 7.10 that the momentum d i s t r i b u t i o n obtained 
f o r an incident momentum of 500 GeV/c i s not symmetric. This assymmetxy i n 
the d i s t r i b u t i o n s i s obtained i n a l l values of incident momenta comsidered. 
The reason f o r t h i s i s not clear. I t could possibly be caused by the curve 
f i t t i n g technique used i n the determination of the momentum from the flash 
tube co-ordinates but f u r t h e r analysis i s required before a satisfactory 
explanation i s obtained. . 
7.6 The Acceptance of the Spectrograph, 
The acceptance of the spectrograph varies with incident momentum, 
depending f o r a given value of incident momentum on both the magnetic 
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deflection and the energy loss i n traversing the spectrograph. The variation 
i n the acceptance of one side of the spectrograph w i t h incident momentum i s 
shown i n f i g u r e 7»11. The acceptance ias calculated f o r a given momentum by 
simulating p a r t i c l e s through the spectrograph at various incident angles and 
calculating the area of the top s c i n t i l l a t o r through which i t was possible 
f o r the p a r t i c l e t o have passed and be accepted by the instrument. The effect 
of energy loss and magnetic bending i n a f i e l d of l6,.3 kilogauss was taken 
i n t o accoynt but the effect of multiple scattering was; neglected. 
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CHAPTER 8 
The Present Status of the Experiment 
8.1 Introduction 
This chapter b r i e f l y describes the form of a preliminary experiment 
using one side of the spectrograph and discusseis the present status of the 
work. F i n a l l y , future plans f o r the spectrograph are discussed. 
8.2 The Rreliminary Experiment 
A preliminary pxperiment has been performed using one side of the 
spectrograph (the Red side). The main purpose of t h i s experiment was to test 
the computer programmes w r i t t e n f o r the on-line analysis using the 1130 
computer. The f i v e Measuring Trays on the Red side were triggered on a three 
f o l d coincidence between the s c i n t i l l a t i o n counters. The flash tubes which 
discharged were recorded i n the conventional way on f i l m . For t h i s run, the 
flash tube d i g i t i s a t i o n shields were removed from the trays, thus enabling 
the f l a s h tubes to be photographed. A system of mirrors enabled the f i v e 
trays to be photographed by the same camera, together with the time of the 
event and other relevant information. 
Figure 8..1 shows the positions of the s c i n t i l l a t i o n counters and Measuring 
Trays i n the Red side f o r t h i s preliminary run. The positions are s l i g h t l y 
d i f f e r e n t from those which w i l l be used when the Moment\im Selector Trays are 
i n position as can be seen from Figure 3 . 1 . With t h i s arrangement, some 
7000 events have been photographed and analysed with the magnetic f i e l d 
of the spectrograph at i t s running value of I6..3 kilogauss. 
The filmis were scanned and the co-ordinates of the discharged flash tubes 
along a possible track i n each tray were punched on to paper tape f o r input 
to the 1130 computer. A minimum of three discharged flash tubes along a 
possible track i n each flash tube tray was required before the event was 
acceptable. The data were stored i n the computer in the same format as w i l l 
eventmlly be used i n the on.—line mode, that i s , the f l a s h tube column number 
1 M cr a 51.1 r i 1^  g '\'r c )< 
""^ S c i n t i l l a t i o n C o o n t e r 
M c o s o r ' m g T r a y 
^ S c i n t i i l o t i o n C o u n t e r 
-i M e a s u r i n g T r o y 
M e o & u r i n g T r a y 
^ S c i ' n i i i l o t i o n C o u n t e r 
M c o s u r i n g T r e y 
30 cn S c o i e 
3 0 cm 
Figure _8._1 The Positions of the S c i n t i l l a t i o n Counters and 
Measuring Treys f o r the Preliminary Experiment. 
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i n an eight b i t B.C.D. form and the states of the flash tubes i n the column. 
The events were then analysed by the computer to determine the co-ordinates 
of the p a r t i c l e i n the f i v e Measuring Trays, These co-ordinates were then used 
to obtain the momentum of the p a r t i c l e using the curve f i t t i n g technique 
described i n Chapter 7» A correction was made to the computed momentum for 
the effect of energy loss i n traversing the spectrograph. 
An analysis of the events enabled preliminary measurements of the muon 
spectrum and the variation i n the muon charge r a t i o with muon momentum to be 
obtained, which are b r e f l y reported here f o r completeness but with no detailed 
discussion. 
In t h i s preliminary experiment, absolute in t e n s i t i e s have not been 
measured, so the spectrum has been noimalised at 22,1 GeV/c to the 
d i f f e r e n t i a l spectrum derived from the integral spectrum of Osborne et a l . 
(1964). The normalised spectrum i s shown i n figure 8.2, together with the 
d i f f e r e n t i a l spectrum used f o r the normalisation. 
The variation i n the charge r a t i o with muon momentum i s shown in figure 8.3. 
Because of low c e l l population, the la s t two ce l l s of the spectrum measurement 
have been combined f o r the charge r a t i o results and plotted at the mean 
momentum f o r the new c e l l . 
I t should be emphasised that the results plotted i n figures 8.2 and 8.3 
are preliminary, but reasonable agreement i s obtained with previous 
measurements considering the approximate analysis of the results. The 
suggestion of a minimum i n the charge r a t i o results at about 80 GeV/c w i l l 
be investigated further i n the future on-line analysis using the d i g i t a l device 
R.U.D.I. • 
8.3 The Present Status of the Work 
Work i s s t i l l being continued on various parts of the spectrograph. This 
section! discusses the latest details and progress of the work. 
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In g8..2, a preliminary experiment using the Red side of the spectrograph 
has been described. A further photographic run i s being performed on the 
Red side to investigate the interaction properties of the muon by observing 
the frequency of bursts i n the Measuring Trays of levels 1 and 3 produced 
i n the magnet blocks A and C. The three s c i n t i l l a t i o n counters have been 
modified by the addition of a further two photomultipliers (Mullard Type 
56AVP). These photomultipliers are placed on the side of the two Perspex 
l i g h t guides of the s c i n t i l l a t i o n counter. 
Eventually, the added pulse heights of these extra photomultipliers 
w i l l be recorded automatically and stored i n d i g i t a l form i n a core store 
for future analysis. For the present experiment, the extra photomultipliers 
w i l l be used i n conjunction with a three f o l d coincidence from the 
s c i n t i l l a t i o n counters of the Red side to apply a high voltage pulse to the 
f i v e Measuring Trays when a shower of a certain size traverses the 
s c i n t i l l a t i o n counters i n l e v e l 1 or level 3, the shower size being set 
by the discriminator electronics. With the magnetic f i e l d i n the magnet 
blocks, an estimation of the momentum of the muon producing the burst can 
be obtained from the information contained i n the Measuring Trays. 
The printed c i r c u i t boards used i n the data recording and readout logic 
of the f l a s h tubes i n the 'Measuring and Azimuth Trays have been constructed, 
tested, and any fa u l t s found have been r e c t i f i e d . Similarly, the logic c i r c u i t s 
of the Momentum Selector system have been tested and found to be working 
s a t i s f a c t o r i l y . The computer interrupt and readout f a c i l i t i e s from the core 
store to the computer disc store have been tested and found to be working 
i n the required manner. 
Work i s now i n progress on the Momentum Selector system using the 
Momentum Selector Trays of the Blue side of the spectrograph. The electronics 
of the c e l l allocation logic are now connected to the Momentum Selector and 
tests are being carried out on the data recording with the spectrograph 
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under zero f i e l d conditions. 
8.4 Future. Plans 
An i n i t i a l on-line run w i l l be- performed using the Momentum Selector 
Trays of the Blue side of the spectrograph. The Momentum Selector-will 
be connected t o R;U.D.I.., which w i l l analyse the events and store the 
computed deflection as a series of spectra i n a pulse height analyser as 
described i n §5.10. 
During t h i s run, work w i l l begin on connecting the electronic c i r c u i t s 
on t o the t r a y fronts of the Measuring Trays of the Blue side. The Azimuth 
Trays w i l l also be prepared at t h i s stage. After the completion of the mucn 
inter a c t i o n experiment, the Momentum Selector Trays f o r the Red side w i l l be 
placed i n position and t h e i r electronic c i r c u i t s , a f t e r the i n i t i a l t e sting, 
connected i n t o the Momentum Selector so that the recording, on the pulse 
height analyser of the deflections f o r particles traversing the spectrograph 
on both sides w i l l be possible. 
This w i l l enable the muon spectrum over the range from about f i f t y GeV/c 
to a few hundred GeV/c to be measured from an analysis of the data stored i n 
the pulse height analyser during the completion o f the d i g i t i s a t i o n of the 
Measuring Trays and eventual on-line analysis by the computer.. 
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APPENDIX A 
Some of the Standard Logic Circuits used i n the Spectrograph Electronics 
A. 1 Introduction 
Several.standard logic c i r c u i t s made from integrated c i r c u i t components are 
used i n the electronics of the spectrograph. Both TTL and DTL systems are used 
i n the spectrograph. The TTL system i s incorporated i n the c i r c u i t s of the 
s c i n t i l l a t i o n counter discriminators, main coincidence unit, and the Momentum 
Selector. The DTL system i s used for the Measuring and Azimuth Tray electronics, 
the core store logic, and the c i r c u i t s f o r d i g i t i s i n g the information fed into the 
core store w i t h every high momentum, event, 
TTL c i r c u i t s have a faster switching time than DTL c i r c u i t s i the switching 
time f o r a TTL c i r c u i t i s t y p i c a l l y about l8nS compared with 40 nS for a DTL 
c i r c u i t . Hence the TTL system i s used i n the spectrograph f o r a l l coincidence 
types of c i r c u i t s , TTL c i r c u i t s have also been developed considerably over the 
past few years compared with DTL c i r c u i t s . Complex c i r c u i t s have been produced 
which now f i t into a single integrated c i r c u i t block. Rreviously the c i r c u i t s 
would have been b u i l t from several blocks. Some of the c i r c u i t s designed and 
constructed.for the spectrograph using the TTL system could now be b u i l t using 
fewer blocks and thus saving both i n the cost of the c i r c u i t and i n the time 
required i n wiring the c i r c u i t s . 
This Appendix describes some of the standard c i r c u i t s used i n the 
spectrograph and b u i l t ' i n the two logic'systems mentioned above, 
A.2 TTL System 
A.2.1 Introduction 
TTL i s an abbreviation f o r Transistor Transistor Logic. Figure A. 1 shows a 
diagram of a two f o l d input TTL nand gate with the t r u t h table f o r the logic 
levels shown i n the inset. The logic symbol fo r the nand gate i s also shown i n 
figure A, 1. A l o g i c a l 0 lev e l i s obtaixied f o r a voltage between Ov, and + 0,8v. , 
and a l o g i c a l 1 l e v e l for a voltage between + 1.4v and + 5v on the inputs. The 
l / P s 
A 
B 
A B C 
O O 1 
1 O 1 
O 1 1 
1 1 O 
- o o / P 
-oOv. 
Figure A.l Schematic Diagram of a Two Fold TTL Nand &atec 
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c i r c u i t i s impregnated on a single chip of si l i c o n . The chip also contains three 
similar c i r c u i t s and i s encapsulated i n an integrated c i r c u i t element block, A 
power supply of + 5v. i s required f o r the block. Gates having various numbers of 
inputs are available. The various standard c i r c u i t s using TTL are described below. 
A. 2.2 The Monostable Circuit and Delay Unit 
The monostable c i r c u i t i s shown i n figure A,2(a). A monostable c i r c u i t 
produces an output pulse of length controlled by the capacitor C i n figure A.2(a). 
The output pulse i s independent of the length of the input pulse so the c i r c u i t i s 
useful as a pulse shaper when triggered from a switch or from an input pulse which 
has a variable length. Positive and negative output pulses can be obtained from 
the c i r c u i t as shown i n figure A. 2(a), and figure A.2(b) shows the variation of the 
output pulse length w i t h value of the capacitor C. The symbol f o r the c i r c u i t i s 
shown i n figure A, 2(a). 
The monostable i s triggered by the negative edge of the input pulse. This 
property makes the c i r c u i t a useful device f o r a delay unit. Two monostables are 
connected i n series via an inverter gate. The input pulse is then delayed by the 
length of the f i r s t monstable and the f i n a l output pulse length i s controlled by 
the second monostable. Figure A.3 shows a diagram of the arrangement together with 
the associated symbol f o r the delay. 
Further development of TTL logic has resulted i n the production of an 
integrated c i r c u i t block which has a monostable c i r c u i t b u i l t inside the block. 
Pulses of various lengths can be obtained by connecting suitable values of 
resistor and capacitor to the pins of the block. This block is equivalent i n the 
Mullard range to type number FJK 101. 
A.2.3 The Multivibrator Circuit 
A-multivibrator provides square wave .pulses" of • a certain frequency. The 
c i r c u i t of the multivibrator i s shown i n figure A,4(a), together with i t s 
associated symbol. The frequency of the pulses depends on the value of the 
capacitors'C shown i n figure A,4(a). Figure A.4(b) shows a graph of 
0 A 9 I 
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Figure A. 3 The Form of the Delay Unit using Two Monostables: 
Connected as Shown. 
0 A 9 I 
Ov. 
P A \9 I 
C 
Ov. 
U 0 / P 
& 
Figure A.4(a) The TTL Multivibrator Circuit* 
I 0 - " 10"'° 10"^ 10"* 10"' 10 
V o l u c O f C o p o c i i o r s C ( F o r o d s ) 
Figure A, 4(b) Tne Variation of Multivibratoop Frequency 
with Capacitors, C. 
- 6 
138 
mu l t i v i b r a t o r frequency against value of the capacitors. The multivibrator i s 
used as a clock pulse generator f o r the Momentum Selector s h i f t registers, which 
were described i n g 5.9. 
A,2.4 The Basic Shift Register Unit f o r the Momentum Selector 
The s h i f t registers used i n the Momentum Selector are made from Mullard 
integrated c i r c u i t blocks type FJJ 131, Each block contains two s h i f t register 
b i t s and fig u r e A-, 5 shows the inputs and outputs of a s h i f t registei* b i t . Each 
b i t has two outputs Q and. Q (the complement of Q^ ) which can be set to a given 
i n i t i a l state by the use of the preset an.d clear inputs as shown i n figure A. 5, 
The logic function of the s h i f t register .is such that when both preset and clear 
inputs are i n the l o g i c a l 1 state, the state on the D input i s transferred to the 
Q output on the positive edge of the clock pulse„ Any change i n the state of 
the D input a.fter the positive edge of the clock pulse i s not transferred to the 
Q output. 
An example of the improved design of TTL c i r c u i t s i s now the case here. A 
Mullard-integrated c i r c u i t block type FJJ 241 has now been introduced, which 
incorporates a f i v e b i t s h i f t register inside each block and connection between 
adjacent s h i f t register b i t s i s made in t e r n a l l y , 
A,3 DTL System 
A,3.1 Introduction 
DTL i s an abbreviation f o r Diode Transistor Logic, Figure A.6 shows a 
diagram of a two f o l d input DTL nand gate together with i t s associated logic-
symbol. The c i r c u i t i s impregnated on a single chip of si l i c o n . The chip also 
contains three similar c i r c u i t s and i s encapsulated i n an integrated c i r c u i t 
element block, A power supply of +6v, i s required f o r the block, A lo g i c a l 0 
l e v e l i s obtained f o r a voltage between Ov. and +Q. 8v, and a l o g i c a l 1 le v e l 
f o r a voltage between +1.5v, and +6v. Gates having various numbers of inputs 
are available. The various standard c i r c u i t s using the DTL system are described 
below. 
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A.3.2 The Monostable Circui t and Delay Unit 
The monosta.ble c i r c u i t using the DTL system is shown in figure A,7(a). As 
with the TTL monostable, the length of the output pulse depends only on the 
value of the capacitor C, Figure A. 7(b) shows a graph of the variation of pulse 
length w i t h the value of the capacitance C. The monostable i s triggered by the 
negative edge of the input pulse so a delay unit can be formed i n a similar manner 
to the TTL monostable. The same symbols are used f o r the DTL monostable and delay 
unit as f o r the equivalent TTL c i r c u i t , 
A.3.3. The Binary Comparator 
The form of the binary comparator i s shown i n figure A. 8, with the t r u t h 
table f o r the outpat state for various input states shown i n the inset. The 
binary comparator i s used to compare two binary numbers and to indicate i f the 
numbers are the same or d i f f e r . I t i s used i n the checking c i r c u i t s f o r the 
printed c i r c u i t boaixLs used i n the Measuring Trays and i n the logic c i r c u i t f o r 
the date of an event. 
As the c i r c u i t used only nand gates and inverters, the c i r c u i t can be made 
with both types of logic systems. I t has been included with the DTL system because 
the binary comparators used i n the•spectrograph are made from DTL c i r c u i t blocks. 
A. 3.4 The J.K f l i p - f l o p FGJ 101 
This type of f l i p - f l o p has many applications i n the electronics of the 
spectrograph. For example, i t is used as a simple memory and as the b i t s of 
both binary, and B.C.D. scalers. The form of the scalers'using t h i s f l i p - f l o p 
are described i n following sub-sections. 
The f l i p - f l o p i s shown schematically i n figure A,.9, There are two outputs 
from the flip>-flop, Q-j^  and Q ^ j which are controlled by the set inputs S^ and 
and the inputs J^, J^, and J^ and K^ , K^ , and of the'flip-flop.: A clock 
input i s also incorporated. This sets the outputs to certain states on the 
negative edge of the clock pulse depending on the states of the set, J, and K inputs 
at the instant of the negative edge of the clock pulse. 
The function of the f l i p - f l o p can be seen from the t r u t h tables shown 
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i n Table A . l . Table A,l(a) gives the output states of and the various 
states of S^  and Sg. S^  and S^  dominate i f at least one is at a log i c a l 0 level. 
Then and are independent of the J, K, or clock input states. When S.^^  and S^  
are both i n the lo g i c a l 1 state, the outputs Q'.^  and depend on the J and K 
input states. Table A.l(b) then gives the output states a f t e r the negative edge 
of the clock pulse f o r various values of the J and K inputs. When the S-^ and S^  
inputs and a l l the J and K inputs are i n the l o g i c a l 1 state, the outputs change 
state on the application of the negative edge of the clock pulse. The f l i p - f l o p 
thus behaves as a divide by two device, 
TABLE A.l 
The Truth Table f o r the DTL Flip-Flop Type FCJ 101 
(a) (b) 
^2 % ^2 - J Input K Input % ^2 
0 0 1 * 1 * Any Input 0 Any Input 0 No change 
0 1 1 0 Any Input 0 A l l Inputs 1 1 0 
1 0 0 1 A l l Inputs 1 Any Input 0 0 1 
1 1 No change A l l Inputs 1 A l l Inputs 1 Reversed 
* Outputs states indeter-
minate when S^  and go 
higlpi. 
Ke;^  Table A l ( a ) : The output states f o r the logic levels on the Set inputs. 
Table A l ( b ) : The output states a f t e r the negative edge of the 
clock pulse for the logic levels on the J and K 
inputs and the Set inputs at the l o g i c a l L level. 
A.3.3 Binary Scaler 
Figure A, 10 shows a 4 b i t binary scaler using FGJ 101 f l i p - f l o p s . The 
output states of the b i t s A,B,C, and D afte r a given number of clock pulses i s 
shown i n Table A. 2^ which also gives the weights of the four b i t s . The scaler 
R e s e t L i n e 
L 
C l o c k P u l s e L i n e 
Figure A. 10 The Form of a 4 Bit Binary Scaler Using 
FCJIOI Flip-Flops. 
Reset L i n e 
t 
C l o c k P u l s e L i n e 
Figure A . I I The Form of a 4 Bit B.C.D. Scaler Using FCJIOI 
Flip-Flops. . . ' 
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c o u n t s on t h e n e g a t i v e edge o f t h e c l o c k p u l s e . I t can coun t up t o 15 pulses ; 
and r e s e t s t o z e r o on t h e s i x t e e n t h p u l s e . F u r t h e r b i t s can be connec ted t o t h e 
s c a l e r ' b y u s i n g t h e o u t p u t b i t D as t h e c l o c k p u l s e f o r t h e n e x t s t age . The 
s c a l e r i s r e s e t b y a n e g a t i v e p u l s e on t h e r e s e t l i n e . B i n a r y s c a l e r s a r e used 
i n s e v e r a l o f t h e c h e c k i n g c i r c u i t s f o r t h e e l e c t r o n i c c i r c u i t boa rds on t h e 
M e a s u r i n g T r a y s . The mon th o f t h e e v e n t i s a l s o r e c o r d e d b y a b i n a r y s c a l e r . 
TABLE A.2 
The Ou tpu t S t a t e s o f t h e B i t s o f a 4 B i t 
B i n a r y S c a l e r 
B i t A ( l ) B i t B(2) B i t C(4) B i t D(8) Number o f 
C l o c k p u l s e s 
0' 0 0 0 0 
1 1 0 0 0 
2 0 1 0 0 
14 0 1 1 1 
15 1 1. 1 1 
16(=0) Q 0 0 0 
A, 3. 6 B..C>.D.. S c a l e r 
B..,CiD.: i s t h e a b b r e v i a t i o n - f o r B i n a r y - C o d e d Decimal.-.•. A B.C. D„ . s c a l e r , 
c o n p i s t s ' o f f o u r b i t s A y B , C , and D , w e i g h t e d as shown i n T a b l e A . 3 . The s c a l e r 
r e s e t s t o z e r o on t h e t e n t h c l o c k p u l s e . T h i s s h o u l d be compared w i t h a b i n a r y 
s c a l e r o f t h e sa.me number o f b i t s . The b i n a r y s c a l e r w o u l d r e s e t t o z e r o on 
t h e s i x t e e n t h c l o c k p u l s e . 
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TABLE A. 3 
The Outpu t S t a t e s o f t h e B i t s o f a i f B i t B. C. D, S c a l e r 
B i t A ( l ) B i t B(3) B i t . S(4) B i t D(8) Number o f 
C l o c k p u l s e s 
0 0 0 0 0 
1 1 0 0 0 
2 0 1 0 0 
8 0 0 0 1 
9 1 0 0 1 
10(=0) 0 0 0 0 
A 4 b i t B . C D . s c a l e r u s i n g PGJ 101 f l i p - f l o p s i s shown i n f i g u r e A , l l , 
The s c a l e r c o u n t s on t h e n e g a t i v e edge o f t h e c l o c k p u l s e and i s r e s e t b y t h e 
a p p l i c a t i o n o f a n e g a t i v e p u l s e t o t h e r e s e t l i n e . The s c a l e r o n l y coun t s 
one decade b u t f u r t h e r decades can be added i f t h e D o u t p u t b i t o f t h e s c a l e r 
i s u sed as t h e c l o c k p u l s e f o r t h e n e x t decade. The w e i g h t f o r t h e o u t p u t s on 
t h e n e x t decade w i l l be h i g h e r b y a f a c t o r o f 10 on t h e c o r r e s p o n d i n g o u t p u t s 
Qf t h e p r e v i o u s decade . 
B. C D . S c a l e r s a r e used e x t e n s i v e l y i n t h e e l e c t r o n i c s f o r t h e t r a y s t ee rage 
l o g i c , w h i c h i s d e s c r i b e d i n § 6,6., and i n s e v e r a l o f t h e c h e c k i n g c i r c u i t s 
f o r t h e e l e c t r o n i c s i n t h e M e a s u r i n g T r a y s , w h i c h a re d e s c r i b e d i n | 6.5» 
A.3.7 B, C D . t o D e c i m a l C o n v e r t e r 
The f o r m o f t h e B, C D . t o d e c i m a l c o n v e r t e r i s shown i n f i g u r e A. 12, I t 
c o n v e r t s a 4 b i t B, C D . number i n t o i t s c o r r e s p o n d i n g d e c i m a l o u t p u t u s i n g a 
s e r i e s o f nand g a t e s . W i t h t h e sys tem shown i n f i g u r e A. 12, t h e b i t s f o r a 
g i v e n number w i l l be a t a l o g i c a l 1 l e v e l i f t h e b i t i s on and t h e r e s t o f t h e 
b i t s w i l l be i n t h e l o g i c a l 0 l e v e l . The o u t p u t f o r t h e c o r r e s p o n d i n g d e c i m a l 
number w i l l be a t a l o g i c a l 1 l e v e l and t h e r e m a i n i n g 9 o u t p u t s w i l l be a t a 
i k , „J» A *^ 
dv 
2 
— > 
^ ff>——A 
(K 
0 . 
0 - ^ 
0 3 
7)* ^^ )s-i>! 
07 
0 9 
I 
Decimol 0 / P s 
•B.C.D. I /Pa 
F i g u r e A . 12 The Form o f t h e B . C . D . t o D e c i m a l C o n v e r t e r , 
lOOk 
* S O v 
@ P o s i t ivc S upply 
Lin 9 
F i g u r e A.13 Schemat ic Diagram o f t h e I n d i c a t o r B u l b Type 
DM160. y 
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l o g i c a l 0 l e v e l , , 
A B . C . D , number h a v i n g more t h a n one decade can be c o n v e r t e d i n t o a 
d e c i m a l o u t p u t b y u s i n g c o n v e r t e r s f o r each decade and g a t i n g t h e o u t p u t s o f 
each decade . T h i s c i r c u i t i s used i n t h e g a t i n g l o g i c c i r c u i t f o r t h e 
M e a s u r i n g T r a y s as e x p l a i n e d i n § 6.4,3 and i n s e v e r a l o f t h e c h e c k i n g c i r c u i t s 
f o r t h e e l e c t r o n i c s i n t h e M e a s u r i n g T r a y s , 
A , 4 The I n d i c a t o r B u l b 
The i n d i c a t o r b u l b has been used i n t h e e l e c t r o n i c s t o i n d i c a t e t h e 
s t a t e s o f such c i r c u i t s as c o n t r o l l i n g f l i p - f l o p s , s c a l e r s , and s h i f t 
r e g i s t e r s . The i n d i c a t o r used i s a M u l l a r d s u b m i n i a t u r e v o l t a g e i n d i c a t o r 
t y p e DM I6O, A s c h e m a t i c d i a g r a m o f t h e i n d i c a t o r i s shown i n f i g u r e A . 13 . 
The f i l a m e n t o f t h e d e v i c e uses a l v „ a /c power s u p p l y . The f i n p u t o f t h e 
f i l a m e n t i s connec t ed t o t h e p o s i t i v e power l i n e o f t h e i n t e g r a t e d c i r c u i t 
b locks , , A+5OV, D . C v o l t a g e i s a p p l i e d be tween t h e f and anode t e r m i n a l s . 
The lOOk U r e s i s t o r i s u sed t o p r e v e n t h i g h c u r r e n t f l o w t h r o u g h t h e g r i :d c i r c u i t . 
The v a l v e , w h e n c o n n e c t e d t o t h e o u t p u t f r o m t h e l o g i c g a t e , i s on when 
t h e g a t e o u t p u t i s i n a l o g i c a l 1 s t a t e and o f f when t h e g a t e o u t p u t i s i n 
t h e l o g i c a l 0 s t a t e . When t h e v a l v e i s o n , i t d i s p l a y s a c h a r a c t e r i s t i c g r e e n 
c o l o u r . The DM I 6 0 v a l v e s a r e moimted on p r i n t e d c i r c u i t b o a r d s b e h i n d t h e f r o n t 
p a n e l o f t h e c h a s s i s c o n t a i n i n g t h e l o g i c and a r e v i e w e d t h r o u g h s l i t s c u t i n 
t h e f r o n t p a n e l . 
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APPEMDIX B 
The S p u r i o u s Rate o f t h e H i ^ h P r e s s u r e F l a s h Tubes 
B, 1 I n t r o d u c t i o n 
When a r r a y s o f f l a s h t u b e s a r e c o n s t r u c t e d , i t i s d e s i r a b l e t o have a low 
s p u r i o u s r a t e o f f l a s h i n g . A s p u r i o u s f l a s h t u b e i s d e f i n e d t o be a f l a s h t u b e 
w h i c h f l a s h e s whenever a h i g h v o l t a g e p u l s e i s a p p l i e d ac ro s s t h e t u b e . I f 
an a r r a y has a h i g h s p u r i o u s r a t e , t h e t r a c k s o f p a r t i c l e s w i l l be d i f f i c a l t 
t o d i s t i n g u i s h f r o m t h e b a c k g r o u n d o f s p u r i o u s t u b e s . 
The s p e c t r o g r a p h has a l a r g e r a t e i n i t s u n p a r a l y s e d mode ( ~ 0 ' 3 sec,"'' 
f o r each s i d e w i t h t h e m a g n e t i c f l u x d e n s i t y a t a v a l u e o f l 6 , 3 k i l o g a u s s ) , so 
i t i s i m p o r t a n t t o ensure t h a t t h e f l a s h t u b e s do n o t have a h i g h s p u r i o u s r a t e when 
p u l s e d a t r a t e s comparab le t o t h e maximum t r i g g e r r a t e , A s p u r i o u s background 
w i l l a l s o e f f e c t t h e a n a l y s i s o f t h e e v e n t s b y t h e compute r as t h e computer 
may t r y t o f i t a t r a c k t h r o u g h s p u r i o u s t u b e s when t he se t u b e s w o u l d be r e j e c t e d 
b y t h e c o n v e n t i o n a l s c a n n i n g o f a p h o t o g r a p h i c f i l m o f t h e e v e n t s . 
C o n s e q u e n t l y , t h e f l a s h t u b e s were t e s t e d b e f o r e b e i n g used i n any o f t h e 
f l a s h t u b e t r a y s . A l a y e r o f t u b e s was p l a c e d be tween p a r a l l e l e l e c t r o d e s and a 
h i g h v o l t a g e p u l s e a p p l i e d t o t h e e l e c t r o d e s a t a r a t e o f 1,2 sec."''. The p u l s e 
was o f s i m i l a r h e i g h t and l e n g t h t o t h e p u l s e e x p e c t e d t o be used i n t h e 
s p e c t r o g r a p h . A p u l s i n g r a t e o f 1,2 sec,"'' was used as t h i s was abou t f o u r t i m e s 
t h e maximum t r i g g e r r a t e and t h u s any t u b e s r e j e c t e d w o u l d i n c l u d e a l l t h e 
s p u r i o u s t u b e s o b t a i n e d a t s m a l l p u l s i n g r a t e s . 
The 2m t u b e s o'f t h e Momentum S e l e c t o r T r a y s were f o u n d t o have a low r e j e c t i o n 
rate o f l e s s t i i a n ifo a f t e r 500 random p u l s e s . However t h e 2m t u b e s f o r t h e 
M e a s u r i n g T r a y s were f o u n d t o have a s p u r i o u s r a t e o f ~ 1 0 ^ a f t e r 500 p u l s e s . 
T h i s was a f a r h i g h e r s p u r i o u s r a t e t h a n had been expec ted , 
B, 2 The v a r i a t i o n o f t h e s p u r i o u s r a t e w i t h p u l s i n g r a t e and p u l s e l e n g t h . 
The above r e s u l t s have been a c h i e v e d w i t h a s i n g l e l a y e r o f t u b e s so t h e 
a p p l i e d h i g h v o l t a g e p u l s e was o f d i f f e r e n t shape t o t h e p u l s e o b t a i n e d when 
a , p p l i e d t o a t r a y . T h i s i s t h e e f f e c t o f t h e h i g h c a p a c i t a n c e o f t h e t r a y 
(O. 0 2 8 | i f ) d i s t o r t i n g t h e p u l s e . Hence a t r a y o f f l a s h t u b e s c o n t a i n i n g e i g h t 
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l a y e r s o f t u b e s was c o n s t r u c t e d and used f o r t h e i n v e s t i g a t i o n s d e s c r i b e d be low. 
The d e l a y l i n e used was t h e same as t h e d e l a y l i n e d e s c r i b e d i n | 3 , 5 f o r t h e 
M e a s u r i n g T r a y s , w h i c h gave a p u l s e o f peak f i e l d 7.5 kVcm"'' ' and t o t a l l e n g t h 
1.5tis when a p p l i e d t o t h e f l a s h t u b e t r a y . Un less s t a t e d o t h e r w i s e t h i s p u l s e 
was used i n t h e i n v e s t i g a t i o n s . 
I n o r d e r t o see how t h e number o f s p u r i o u s f l a s h t u b e s v a r i e d w i t h t h e 
p u l s i n g r a t e , t h e t r a y was p u l s e d r a n d o m l y f o r v a r i o u s p u l s i n g r a t e s and t h e 
s p u i i o u s r a t e p l o t t e d a g a i n s t t h e number o f a p p l i e d p u l s e s . The r e s u l t s a r e 
shown i n f i g u r e B . l f o r p u l s i n g r a t e s o f 0,1, 0 .25 0 . 3 3 j and 0,5 seer"*"; t h e 
s p r u i o u s r a t e i s e x p r e s s e d i n f i g u r e B, 1 as a p e r c e n t a g e o f t h e t o t a l number o f 
t u b e s . 
The t r a y was f i r s t p u l s e d a t t h e s low r a t e o f 0.1 sec."'^, t h e r a t e 
i n c r e a s i n g up t o 0.5 sec."'". The i n t e r v a l be tween p u l s i n g a t t h e v a r i o u s r a t e s 
depended on t h e r a t e s , b e i n g -^2 h o u r s f o r t h e l ow r a t e t o ~15 hours f o r t h e 
f a s t e r r a t e s i n o r d e r t o g i v e any e f f e c t o f a memory i n t h e s p u r i o u s t ubes t i m e 
t o r e c o v e r . 
A f t e r t h e p u l s i n g r a t e o f 0.5 sec."'', t h e p u l s i n g was s topped f o r —15 hours 
and a p u l s i n g r a t e o f 0.1 sec."^ used a g a i n . The r e s u l t s o f t h i s r u n were w i t h i n 
t h e e r r o r s f o r t h e i n i t i a l r u n showing t h a t t h e f l a s h t ubes had c o m p l e t e l y 
r e c o v e r e d f r o m any memory imposed b y t h e f a s t p u l s i n g r a t e w i t h i n t h i s t i m e . 
A f u r t h e r check on t h e c o m p l e t e r e c o v e r y o f t h e t u b e s was shown b y p u l s i n g t h e 
t r a y a t 5. 0 p u l s e s secT"'' f o r ~1, 86 x 10^ p u l s e s . A f t e r t h i s number o f p u l s e s , 
-1 
abou t 8 0 ^ o f t h e t u b e s were f l a s h i n g s p u r i o u s l y , A p u l s i n g r a t e o f 0.1 sec. 
was t h e n u s e d i m m e d i a t e l y a f t e r t h i s f a s t r a t e . There was a q u i c k r e d u c t i o n i n 
s p u r i o u s r a t e and t h e p r e v i o u s v a l u e f o r t h e s p u r i o u s number f o r t h i s r a t e was 
o b t a i n e d . 
The e f f e c t o f t h e p u l s e l e n g t h on t h e s p u r i o u s r a t e was i n y . e s t i g a t e d b y 
m e a s u r i n g t h e s p u r i o u s r a t e f o r t h e same p u l s i n g r a t e b u t w i t h d i f f e r e n t p u l s e 
l e n g t h s . The r e s u l t s a r e shown i n f i g u r e B. 2 where t h e p e r c e n t a g e o f s p u r i o u s 
mm 
1 
I 
lO" 10 lO" lO 
Number Of Puls«» 
F i g u r e E . l Graphs o f t h e S p u r i o u s Bate a g a i n s t Number o f Pu l se s 
V a r i o u s P u l s i n g R a t e s . 
f o r 
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f l a s h t u b e s i s p l o t t e d a g a i n s t t h e number o f p u l s e s f o r a p u l s i n g r a t e o f 
0 .5 sec."'' and two p u l s e w i d t h s . The p u l s e s i n t h e two cases had a peak f i e l d o f 
7.5 k-y. cm "'' and t h e o v e r a l l p u l s e l e n g t h s were l , 5 [ i s and 3, 0 | is , t h e p u l s e l e n g t h i s 
d e f i n e d as t h e t i m e f r o m t h e s t a r t o f t h e p u l s e t o t h e p o i n t where t h e v o l t a g e 
i s a g a i n z e r o . 
The above r e s u l t s show t h a t t h e s p u r i o u s r a t e i s dependent t o a l a r g e 
e x t e n t on b o t h t h e p u l s e l e n g t h and t h e t i m e be tween p u l s e s . I n n o r m a l 
c o n d i t i o n s , t h e f o r m o f t h e p u l s e a p p l i e d t o an a r r a y o f f l a s h t u b e s i s chosen 
a f t e r m e a s u r i n g t h e v a r i a t i o n i n e f f i c i e n c y o f t h e t u b e s w i t h t h e a p p l i e d peak 
f i e l d . The p u l s e w h i c h p roduces t h e h i g h e s t e f f i c i e n c y i s n o r m a l l y t h e p u l s e 
w h i c h i s u sed . Hence t h e r e s u l t s d e s c r i b e d above suggest t h a t t h e s p u r i o u s 
r a t e f o r a p u l s e g i v i n g t h e b e s t e f f i c i e n c y w i l l depend on t h e t i m e i n t e r v : a l 
be tween t h e s u c c e s s i v e p u l s e s o f t h e a r r a y , 
B.3 The S p u r i o u s Rate f o r Tubes o f S m a l l e r L e n g t h and V a r i o u s E l e c t r o d e S i z e s 
The above r e s u l t s were o b t a i n e d u s i n g f l a s h t u b e s o f l e n g t h 2m w i t h t h e 
e l e c t r o d e s c o v e r i n g 1.8m o f t h e t u b e s . To see w h e t h e r t h e h i g h s p u r i o u s r a t e 
i s p r e s e n t f o r t u b e s o f s m a l l e r l e n g t h , an a r r a y was c o n s t r u c t e d u s i n g f l a s h 
t u b e s o f t h e same d i a m e t e r as t h e 2m t u b e s b u t o f l e n g t h 38Gm and p r e s s u r e 2.3 
a tmosphe re s . The h i g h s p u r i o u s r a t e was no t f o u n d w i t h t h e s e t u b e s j a t a 
p u l s i n g r a t e o f 5 sec."'" and t h e e l e c t r o d e s c o v e r i n g 28cm o f t h e f l a s h t u b e 
l e n g t h , t h e s p u r i o u s r a t e was ~ 0.3?^. 
As t h e e f f e c t i s n o t p r e s e n t u s i n g t u b e s o f s m a l l e r l e n g t h , t h e 2m t u b e s 
were a g a i n p u l s e d a t a r a t e o f 0 .5 sec."'" b u t now s m a l l e r e l e c t r o d e s were used 
such t h a t t h e y o n l y c o v e r e d p a r t o f t h e f l a s h t u b e s . The h i g h v o l t a g e p u l s e 
a p p l i e d t o t h e t u b e s was o b t a i n e d f r o m t h e same d e l a y l i n e as was used i n gB,2 
b u t now o f c o u r s e , as t h e c a p a c i t a n c e o f t h e e l e c t r o d e - - f l a s h t u b e system had 
d e c r e a s e d , t h e r e was l e s s d i s t o r t i o n on t h e a p p l i e d p u l s e . The r e s u l t s a r e 
shown i n f i g u r e B.3 f o r t h e e l e c t r o d e s o f t h e l e n g t h s shown. The e l e c t r o d e s 
o f l e n g t h 102cm were used a t b o t h t h e f r o n t and back o f t h e t r a y and t h e r e s u l t s -
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f o r t h e s e two p o s i t i o n s a r e p l o t t e d i n f i g u r e B .3 . F o r c o m p a r i s o n , t h e 
r e s u l t s o b t a i n e d a t t h e same p u l s i n g r a t e w i t h t h e e l e c t r o d e s w h i c h c o v e r e d 
t h e t o t a l l e n g t h o f t h e t u b e s and p l o t t e d i n f i g u r e B . l have been r e - p l a t t e d i n 
f i g u r e B .3 . 
The r e s u l t s p l o t t e d i n f i g u r e B.3 show t h a t t h e r e i s a r e d u c t i o n i n t h e 
s p u r i o u s r a t e d e p e n d i n g o n . t h e e l e c t r o d e s i z e s . One i n t e r e s t i n g p o i n t t o n o t e 
i s t h a t t h e v a l u e s f o r t h e s p u r i o u s r a t e , when t h e e l e c t r o d e s o f a p p r o x i m a t e l y 
h a l f t h e f l a s h t u b e l e n g t h a r e used a t t h e f r o n t and .back o f t h e t u b e s , a re 
n e a r l y t h e same. A l s o t h e sum o f t h e s p u r i o u s r a t e s f o r t h e t w o p o s i t i o n s o f t h e 
e l e c t r o d e s i s n e a r l y e q u a l t o t h e v a l u e o b t a i n e d f o r a s i n g l e e l e c t r o d e a c r o s s 
t h e t u b e l e n g t h . T h i s e f f e c t sugges t s t h a t t h e s p u r i o u s r a t e o b t a i n e d w i t h 
e l e c t r o d e s a l o n g t h e c o m p l e t e l e n g t h o f t h e t u b e s c o u l d be caused by some 
l o c a l e f f e c t i n t h e t u b e w h i c h causes i t t o f l a s h when a h i g h v o l t a g e p u l s e i s 
a p p l i e d a c r o s s t h e i r r e g u l a r i t y . 
However t h e t u b e s w h i c h f l a s h e d s p u r i o u s l y when t h e e l e c t r o d e s were p l a c e d 
a t t h e back o f t h e t r a y w e r e marked and 38?^  o f t h e s e were f o u n d t o be s t i l l 
s p u r i o u s when t h e e l e c t r o d e s were moved t o t h e f r o n t o f t h e t r a y . A l t h o u g h t h i s 
i n i t s e l f i s n o t s u f f i c i e n t t o c o m p l e t e l y r e f u t e t h e i d e a o f some i r r e g u l a r i t y 
i n t h e t u b e s - t h e r e c o u l d be s e v e r a l p o s i t i o n s o f an i r r e g u l a r i t y i n a t u b e -
i t does c a s t some doubt and f u r t h e r w o r k i s r e q u i r e d on t h e s p u r i o u s r a t e u s i n g 
v a r i o u s p u l s i n g r a t e s and e l e c t r o d e s i z e s , 
B.4 The S p u r i o u s Bate f o r a D i f f e r e n t A p p i l i e d H i g h V o l t a g e P u l s e . 
The r e s u l t s o b t a i n e d above were f o r a h i g h v o l t a g e p u l s e p r o d u c e d by a 
lumped p a r a m e t e r d e l a y l i n e . To see w h e t h e r t h e r e was any e f f e c t on t h e 
s p u r i o u s r a t e f o r a d i f f e r e n t shape o f a p p l i e d p u l s e , a p u l s e o b t a i n e d b y 
d i s c h a r g i n g a c a p a c i t o r t h r o u g h a r e s i s t o r was a p p l i e d ac ross t h e f l a s h t u b e s . 
The p u l s e was used w i t h t h e e l e c t r o d e s o f l e n g t h 102 cm when t h e y c o v e r e d t h e 
r e a r h a l f o f t h e t u b e s . The peak f i e l d a c ro s s t h e f l a s h t u b e s was e q u a l t o 
t h e peak f i e l d u s i n g t h e d e l a y l i n e p u l s e (7.5kV.-.Gm"'') b u t t h e p u l s e was now 
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e x p o n e n t i a l i n shape, t h e t o t a l l e n g t h depend ing on t h e v a l u e s o f t h e 
c a p a c i t o r and r e s i s t o r . 
The r e s u l t s . a r e shown i n f i g u r e B,.4 f o r a p u l s i n g r a t e o f 0.5 sec "'", 
and two va lues , f o r t h e t o t a l l e n g t h o f t h e a p p l i e d h i g h v o l t a g e p u l s e o f 
14(is and 30ns, These r e s u l t s a re f o r e l e c t r o d e s used o n l y on one h a l f o f 
t h e t r a y so t h a t t h e s p u r i o u s r a t e s p l o t t e d i n f i g u r e B .4 w i l l be a p p r o x i m a t e l y 
a f a c t o r o f two h i g h e r when c o n s i d e r e d f o r t h e w h o l e t r a y . The s p u r i o u s r a t e 
i s t h u s c o n s i d e r a b l e f o r an e x p o n e n t i a l shaped p u l s e and i s a g a i n dominant 
on t h e p u l s e l e n g t h , 
B.5 D i s c u s s i o n 
The r e s u l t s d e s c r i b e d i n t h e above s e c t i o n s show t h a t t h e s p u r i o u s 
r a t e o f t h e h i g h p r e s s u r e f l a s h t u b e s depends on b o t h t h e r a t e o f p u l s i n g 
o f t h e f l a s h t u b e s and on t h e l e n g t h o f t h e f l a s h t u b e . Reduc ing t h e 
l e n g t h o f t h e 2m f l a s h t u b e s c o v e r e d by t h e e l e c t r o d e s r educed t h e s p u r i o u s r a t e . 
T h i s s u g g e s t s t h a t t h e s p u r i o u s e f f e c t s a re dependent on t h e f l a s h t u b e l e n g t h , 
s i n c e t h e r a t e w o u l d be u n e f f e c t e d i f i t was some p r o p e r t y o f t h e gas 
p r o d u c i n g t h e e f f e c t . 
One p o s s i b l e cause c o u l d be c o n t a m i n a t i o n i n t h e t u b e p r o d u c i n g some f o r m 
o f i r r e g i i l a r i t y . T h i s c o u l d be d u s t o r o t h e r f o r e i g n body p r e s e n t i n t h e 
t u b e b e f o r e b e i n g f i l l e d w i t h neon . A p o i n t d i s c h a r g e c o u l d t h e n be p roduced 
b y t h e d u s t w h i c h c o n s e q u e n t l y causes t h e t u b e t o f l a s h . As t h e p u l s i n g 
r a t e i n c r e a s e s , t h e i n c r e a s e i n s p u r i o u s r a t e c o u l d be p r o d u c e d by an a f t e r -
f l a s h i n g e f f e c t on t h e i n i t i a l d i s c h a r g e caused b y t h e c o n t a m i n a t i o n i n t h e 
f l a s h t u b e , 
The e f f e c t o f i m p u r i t i e s i n a b a t c h o f f l a s h t u b e s on t h e i r s p u r i o u s r a t e 
was i n v e s t i g a t e d b y Coates (1967), A s m a l l q u a n t i t y o f i r o n f i l i n g s was added 
t o a b a t c h o f f l a s h t u b e s o f i n t e r n a l d i a m e t e r 1.55 cm and c o n t a i n i n g 
c o m m e r c i a l neon gas a t a p r e s s u r e o f 60 cm o f m e r c u r y . The s p u r i o u s r a t e 
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o f t h e s e t u b e s was compared! w i t h a n o r m a l b a t c h o f t u b e s o f t h e same 
d i a m e t e r and p r e s s u r e . He f o u n d t h a t t h e p r o b a b i l i t y o f a s p u r i o u s f l a s h 
i n t h e c o n t a m i n a t e d b a t c h was 0 .5 t u b e "'" p u l s e "'' compared t o 0 ,012 t u b e ''" 
p u l s e •'' f o r t h e n o r m a l b a t c h . These f i g u r e s were o b t a i n e d f o r a p u l s e 
o f peak f i e l d 6kV cm and l e n g t h i^ i s w i t h t h e f l a s h t u b e s p u l s e d r andomly 
a t a r a t e o f 1 p u l s e e v e r y 7 seconds . I t can be seen f r o m t h e s e r e s u l t s 
t h a t t h e s p u r i o u s number o f t u b e s i s i n c r e a s e d b y t h e a d d i t i o n o f an 
i m p u r i t y i n t h e t u b e s . 
I t c o u l d be a r g u e d t h a t t h e i n i t i a l f l a s h o f a s p u r i o u s t u b e i s caused b y 
a c h a r g e d p a r t i c l e t r a v e r s i n g t h e f l a s h t u b e d u r i n g i t s s e n s i t i v e t i m e and 
any subsequent f l a s h t h e n b e i n g caused b y an a f t e r - f l a s h i n g e f f e c t . However, 
t h i s i s t h o u g h t n o t t o be t h e case a s , on a v e r a g e , t h e same f l a s h t u b e s were 
f o u n d t o be s p u r i o u s when t h e t u b e s were p u l s e d a t d i f f e r e n t t i m e s i m d e r t h e 
same c o n d i t i o n s , w h i c h i n d i c a t e s t h a t i t i s some p r o p e r t y o f t h e f l a s h t u b e 
ca,using t h e e f f e c t . 
B»6 P o s s i b l e F u r t h e r I n v e s t i g a t i o n s 
I t i s o b v i o u s t h a t f u r t h e r i n v e s t i g a t i o n s i n t o t h i s p r o b l e m need t o 
be p e r f o r m e d . One p o s s i b l e e x t e n s i o n i s t o compare t h e s p u r i o u s r a t e s o f 
f l a s h t u b e s made i n d i f f e r e n t b a t c h e s t o see i f t h e r e i s any s y s t e m a t i c 
d i f f e r e n c e i n t h e i r s p u r i o u s p r o p e r t i e s . The 2m f l a s h t u b e s were made i n 
b a t c h e s o f 4 0 on t h e same f i l l i n g r i g b u t t h e y were n o t s t o r e d atter 
m a n u f a c t u r e i n s e p a r a t e b a t c h e s , so no check c o u l d be made on t h e d i f f e r e n c e s 
i n t h e v a r i o u s b a t c h e s . A l s o t h e s p u r i o u s r a t e s o f f l a s h t u b e s made i n t h e 
n o r i p a l manner a n d a b a t c h made w i t h t h e i n s i d e o f t h e t u b e c h e m i c a l l y c l e a n e d 
b e f o r e e v a c u a t i n g and f i l l i n g c o u l d be compared. Chemical c l e a n e d t ubes 
have one m a i n d i s a d v a n t a g e i n t h a t t h e c o s t c o u l d p rove t o be e x c e s s i v e , 
t h e e x t r a c o s t d e p e n d i n g on t h e method o f c l e a n i n g . 
The r e s u l t s so f a r have been o b t a i n e d w i t h f l a s h t u b e s p u l s e d r andomly . 
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When a f l a s h t u b e a r r a y i s p u l s e d a f t e r t h e passage o f a cha rged p a r t i c l e , 
t h e s p u r i o u s I ' a t e w i l l a l m o s t c e r t a i n l y i n c r e a s e due t o an a f t e r - f l a s h i n g 
e f f e c t i n t h e f l a s h t u b e s w h i c h d i s c h a r g e d a l o n g t h e t r a c k o f a p a r t i c l e . 
Thus an i n v e s t i g a t i o n o f b o t h t h e s p u r i o u s r a t e a f t e r ' g e n u i n e ' t r i g g e r s o f an 
a r r a y and t h e a f t e r - f l a s h i n g e f f e c t f o r v a r i o u s average p u l s i n g r a t e s and 
e l e c t r o d e s i z e s needs t o be c a r r i e d o u t on t h e h i g h p r e s s u r e f l a s h t u b e s . 
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APPENDIX C 
The Curve F i t t i n g Techn ique u s i n g t h e Method o f Least" Squares 
The e q u a t i o n o f m o t i o n f o r a cha rged p a r t i c l e i n t h e magnet has been 
shown t o obey t h e r e l a t i o n g i v e n by e q u a t i o n 7.10: 
2 , 
y = ax + bx + c 
w i t h t h e C a r t e s i a n axes as shown i n f i g u r e 7.3, 
The c o e f f i c i e n t s a , b , and c a r e d e t e r m i n e d f r o m t h e c o - o r d i n a t e s o f t h e 
t r a c k o b t a i n e d f r o m t h e i n f o r m a t i o n c o n t a i n e d i n t h e f i v e M e a s u r i n g T r a y s , 
I n g e n e r a l , c o n s i d e r t h e case where n c o - o r d i n a t e s a re known f o r t h e 
t r a c k where n , f o r a q u a d r a t i c e q u a t i o n , has a minimijm v a l u e o f 3. 
2^ n / 2 V 
L e t Q = y y . - a x . - b x . - c 
i = l ^ - - - y C . l 
The b e s t f i t i s o b t a i n e d when Q i s a minimum. T h i s i s o b t a i n e d when 
^ = € = ^ = 0 , t h a t i s da 6b do ' 
y . - a x . - b x . - c \ X . 0 „ ^ 
•^x 1 X y 1 C 2 
2 \ 
y . - ax . - b x . - c \ x . =: 0 „ , 
•^x .X X y X • C.3 
2 \ 
y . - ax . - b x . - c ) = 0 C.4 
^ . ^ ^ / n 
where t h e summation s y m b o l s used above i s e q u i v a l e n t t o t h e symbol E 
i = l 
S i m p l i f y i n g t h e a b o v e , we have 
4 3 2 2 
a Ex^ + bEx^ + cE x ^ - Ex^ y ^ = 0 ^ ^ 
3 2 
a E x . + bSx. + cE x . - E x . y . = 0 „ ^ 
X X X X X 0 , D 
2 
a Ex . + bEx . + Sc - E y . = 0 ^ ^ 
X X • 'x C.7 
From t h e s e 3 l i n e a r e q u a t i o n s t h e c o e f f i c i e n t s a , b , and c can be d e t e r m i n e d 
as shown b e l o w 
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Z < S x , - S x , y. 1 " 1 
S X, s X, - s 1 1 
E x n - S y. 
1 X 
C ,8 
4. 3 S x^ s x ^ 
3 2 S x^ Sx^ 
Z x^ Zx^ 
Sx. 
Sx, 
b = -
4 2 S x7 Sx. 
S xr Sx. 
X X 
S Zx^ 
X X 
Z 4 Zx^ 
Z x? Zx. 
X X 
-Zx^ y. 
-Zx.y. 
- Z v 
Zx: 
Zx. 
X 
C.9 
C =: 
2 x't S x ' 
X X 
^ 2 X. Zx. 
X 
Z x ^ 
X X 
X 
^ 2 .Z X. y. 
-Z X. y. 
_Z 
Z x t 
n 
C.IO 
where Z c = nc 
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The value of n used in the equations to determine the coefficients depends 
on the number of track co-ordinates ohtainable from the f l a s h tubes, although 
n can only have the values 3 , or 5, The siimmation of the x co-ordinatea 
raised to the given power i s then taken only over the f l a s h tube trays for 
which a y co-ordinate of the tr a j e c t o r y i s known. 
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APPENDIX D 
Derivation of the Formula used to Determine the m.d.m. of M.A.R. 
The m, d. m. of the inst-rment using a five point f i t on the trajectory has 
been defined by equation 7JL5 as 
D.l 
where c i s the standard deviation of the coefficient, a, of x i n the fiv e a 
point parabola f i t . The value of cf^ i s derived below. 
from. Appendix C we have the general expression for a of 
Z x? S xf - S xf y. 1 1 X • ' i 
S X. E x . - S X. y. 
1 1 I X 
E xV n - S y . 
2 x 
S x 
V 3 ^ 2 
a X. 2 X. 
X X 
S xT S X. 
X X 
x Sx.Sy. + n Sx.y.^ -X X """y 
Sxt (- ^ i - ^ i ^ i ^ i ) - - ( ^ ^ i ) ' 
(^nSx^ - (Sx. - SxJ (^nSkJ - Sx. SxJ^ + Sx2(^Sx.SxJ - ( S x ^ ) ^ ^ 
Defining k to be equal to the denominator and re-arranging the numerator we have 
2 
D.2 
The standard deviation of a, GT , i s given by the relation 
D.3 
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Prom equation D.2 we have 
^ _ = ( Z x ^ ) ' - Z . ^ Z x . + ( n Z x J - Z . . Z x ^ ) x . - ( nZx^ . (^.f^ ^ DA 
as k i s a function of x ^ only, 
No.w i s the standard deviation i n the measurement at the measuring l e v e l s 
which i s the same for a l l layers as the same measuring system i s used. Hence 
defining O"^  as t h i s standard deviation we have: 
~ % Z ( ( Z x ^ ) ^ - Z x i x . + (nZx^ - Z x . Z z 2 ) x . - ( n ^ x ^ - ( S x . ) ^ ) x ^ K^ ' \ ^ x ' X X X X x'^ X ^ X ^ X : D.5 
Simplifying the above, we obtain 
which reduces to 
X ^ X 
2 2 A 
k ( n Z x , - ( Z x , ) ; D.6 
Z x t ( r £ x J - ( Z x j 2 ) - ( n ( Z x ^ ) 2 - 2 Z x , Z x % x ^ + ( ^ ^ W ) 
D.7 
X X X 
Substituting in equation D,l for c7 we have 
3. 
p 0 .196 Z x ^ J n ( Z x ^ ) ^ - 2 Z x . Z x ^ Z x ^ + ( Z x ^ ) ^ fmdm = — r — x ^ ^ x'^ x x i ^ x^ 
The m.d. m. i s then obtained by summing over the x co-ordinates of the flash' tube 
trays for n = 5. 
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